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Preface

This is Report No. 9 in a series of publications that describes the
chemical engineering activities of the Tennessee Valley Authority,
and it presents the results of some of the corrosion tests that were
made as necessary parts of the various experimental programs that
have been undertaken. The Division of Chemical Engineering of
the TVA has been concerned with the development, through the
laboratory, pilot plant, and plant phases, of processes for the l)roduc-
tion of fertilizers and for the utilization of natural resources of the
Tennessee Valle,. In each of these steps in development, problems
for which no solution could be found in the literature have been en-
countered in the selection of materials of construction to withstand
the corrosive action of the materials being processed. Corrosion
testing has been used as a means in the solving of these problems.

Although some of the results that have been obtained have been pub-
lished in technical journals, tile present report serves to bring together
in one compilation those of the corrosion test results that might be of
interest to others outside TVA. Other reports in this series covering
the development of processes present information on the materials
of construction used in the plants and describe operating experience
with these materials.

The compiler of this report has been responsible for carrying out
only a few of the tests for which results are reported, and it would be
virtually impossible to give a complete list of those who contributed
to the accumulation of test data. A. W. Beinlich and G. L. Crow
carried out a large part of the work and contributed to the report in
an outstanding manner by assembling data and by preparing parts of
the manuscript. The following members and former members of the
TVA staff also contributed significantly to the work: J. C. Barber,
H. A. Bennett, W. J. Darby, A. B. Harrison, A. Hendrix, 1I. S.
Jerabek, J. S. Lewis, R. R. Ludlumn, D. J. Mack, NMary 1. 'Malone,
J. A. .McCollumi, L. I. Mitchell, G. R. Pole, G. C. Robinson, D. E.
Rosson, E. P. Tait, andl M. L. Taylor. Julius Silverberg antl H. J.
Kerr were of considerable assistance through suggestions regarding
content and arrangement of tables and in the preparation of the
manuscript.
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CORROSION TESTS OF METALS AND

CERAMICS

Introduction

Although the lit erature on corrosion is voluminous, it is ialadequate
in that by its use the resistance of a particular material of construction
to a corrosive medium under the codlitions to be encountered in a
proposed process seldom can be predicted with satisfying certainty.
This is true because of the large number of variables that affect
corrosion rates. To investigate the effects of all variables for a givenl
material and corrosive is a tremendous task, and years of wcrk remain
before the field of the corrosion of materials will have beeni charted
satisfactorily.

Because of these facts, the tests for which results are presented here
were usuallv made to answer specific questions regarding the resistance
of materials under conditions actually encountered. Therefore, the
data obtained are discontinuous with respect to the effect of such
variables as the concentration of the corrosive and temperature and
the degree of aeration. They are presented as they were obtained,
and in only a few cases has an effort been made to present correlations
of the degree of attack with the variations in test conditions. A list
of the TVA articles on corrosion is given in Index A.

Since the results presented are considered to be self-explanatory, no
recommendations are made. It was not practical to test all the
materials that might be suitable for a given application. Cost and
immediate availability, as well as technical judgment, were the factors
that limited the number of materials tested. Therefore, it is possible
that some materials not included in thle tests would have given results
as gocd or better than those obtained with the materials tested, and
it should not be inferred that the materials that proved to be satisfac-
tory inl the tests are the only ones that are suitable for use under the
test conditions. It also is possible that certain materials were included
in the tests at conditions under which their manufacturers would not
recommend them for use. Failure of these materials to show satis-
factory resistance to corrosion in these cases does not detract from
their value for use under other conditions.

Many tests have been made on metals, ceramic materials, and
protective coatings; however, it has been extremely difficult to evaluate

915091--51--2 1



the results of the tests of the coatings, and this rel)ort is restric'ted to
tests of the other two types of materials. The results of tests of metals
and of ceramic materials are presented separately.

Tests of Metals
Nietals were tested against compounds of phosphorus, nitrogen,

sulfur, ahlminum, and magnesium both in plant and pilot-plant equip-
ment and in laboratory equipment set up especially for that purpose.
The .oml)ositions of the metals used are shown in Index B. Only
a few of the results of the tests made in p)lant or pilot-plant equipment
are presented in the report because in such tests the precise control of
conditions is difficult. In general, the testing procedlures agree with
those outlined by A. S. T. M. Designation A-224-46. In all cases,
duplicate specimens were used, and some of the results presented are
the average data obtained on as many as 10 specinens. The details
of the three methods used in most of the laboratory tests and of the
methods for handling specimens in the plant and pilot-plant tests are
outlined below.

Methods of Testing

Thermal block laboratory testv.-'l'ests of disk-type specimens were
run in thermal block corrosion-testing apparatus, one of which is
shown in section in figure 1. A photograph of several ot these appara-
tus is shown in figure 2. Specimens 1 to 2N inches in diameter and
front % to 116 inch thick, each having a hole 23 4 inch in diameter at its
center, were used in most of these tests. Where the determination of
the effect of cold-bending the metal on its resistance to corrosion was
desired, bent disk-type specimens were used. Welded specimens were
prepared by cuttirg the disks in half, beveling the cut edges, and
welding the halves together.

The specimens were hung on glass lift rods that are parts of the
thermal block corrosion-testing apparatus. Each of the thermal
blocks contained eight pyrex glass tubes 212 inches in diameter and
20 inches long. These tubes extended into the blocks to a depth of
12 inches; for the tests the tubes were filled with the corrosive to
the level of the top of the blocks (750 milliliter). The lift rods, which
carried the specimens, were centered in the tubes and extended
nearly to the tube bottoms. These rods were connected to cams
that turned 19 revolutions per minute. The action of the cams
lifted and lowered the rods through a distance of 1 inch. Thus, the
average linear velocity of the specimens through the corrosive solu-
tion was 3.16 feet per minute. Cold water flowed through a coil in
the top of each tube to prevent excessive loss of corrosive or of water
through evaporation. When aeration of the specimen was desired,
hollow lift rods were used, and air was passed through these rods at



tile desired rate and el•lerged in tihe corrosive below the spov illells.
A flow of 0)02 cubic feet per minute of air wits chosen arbitrarily ais
standard aeration in these t1bes, an,1d ill the tables of data that
follow, where the notation "with aeration" appears, that rate of flow

was used. Ili some tests different rates of air flow were used. Each
block was heated by means of five 1,000-watt ('ahrod units. T'lie
temperature of each block was controlled with a bimetal regulator
inserted ili a hole in the block at its center; this regulator conurolled
the flow of current to the Calrod units. Ihe teniperattur in the
tubes was controlled to within 3' F. of the desired value. This
apparatus has been used in ntiost of the laboratory tests.

0 0 0 ECCENTRIC

LIFT ROD

PYREX TEST
REFLUX TUBE

CONDENSER

TRANSITE
TOP

ROCK WOOL
INSULATION "- ALUMINUM

BLOCK

1000 WATT -SPECIMEN
CALROD UNIT

L -
Figure 1.-Section through thermal block corrosion-testing apparatus.
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The corrosives Nwcre placed in the tubes and brought to the desired
test templperature before weighed test specimens were introdu.ced.
During the period )f exposure of the speimens, tihe coll'entration of
the corrosives was determined peridicially to make certain t hat no
significant change took place. At the end of the eXl)osure, period,
the specimens were removed and scrul)bed with a soft wire br'rsh to
remove corrosion products; then they were dried anll weiglied to.
determine weight !oss.

Test. ;n ceramic-lined tank.-A ntmil)er of tests of metals anid
ceramic materials were made in strong phosphoric ac'id containing 85
pMercent V205 (equivalent to 117 percent H3PO4) at 4800 to 4900 F.
in a brick-lined steel tank. The tank, 37 by 37 l)y 22 inches deep,
was lined on the sides with 8 inches of red shale brick and on tle
bottom with 4V inches of that brick. Silica base, sodium fluosilicate-
sodium silicate cement was used as a mortar in constructing the
lining. The tank cover was made of Transite slabs 1 inch thick and
was topped with heavy asbestos paper, which provided additional
insulation. The acid in the tank was heated with four or five 1,000-
watt Clihromel-wound electric heaters encased in 7iircon-por'elain
tubes, which were in a vertical position in the tank and exten(tde
uplward thirough holes in the Transite cover. A Fenwal thermal
regulator, immersed in transformer oil in a pyrex gIas trdtne, was
used for maintaining a constant acid-bath temperature. A photo-
graph of the tank with a part of the cover removed is shown in
figure 3. (Some of the heaters are not shown.)

Metal specimens were suspended in the acid by means of silver
wires or were attached to lift, rods on a cam-type mnechanism so that
they could be moved in the acid (average linear speed of 0.2 to 0.4
foot/minute) or alternately immersed and removed from the acid.
Figure 3 shows a "spool" assembly of metal specimens suspended
with silver wire but held above the acid level for photographing.
Figure 4 shows how the spools were assembled. The cam mechanism
for tests in which metal specimens were in motion is not shown in
figure 3. The figure shows ceramic specimens in position for testing;
ceramics usually were tested together with metals, anl since they
were rotated in the corrosive (usually at a speed of 14 revolutions
per minute), their motion aided in agitating tihe corrosive.

In tests in which the acid in the bath was agitated ,rely by the
motion of the ceramic and metal specimens, the bath liquid velocity
was not measured; in the tab)le in which the results of th1ese tests are
presented, the notation "'bath agitated slightly" appears. In tests
in which the acid was agitated b)oth by the motion of the specimneins
and by Lightnin mixers (only one of the two normally used is shown
in fig. 3), the liquid velocity at the point where the metal specimens
were inmllersed was measured with a Pitot tube. The maximum
bath velocity tit these points wits 0.4 footr per second. The acid
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HASTELLOY 8 NUTS

HASTELL0Y B-/'"
SPECIMENSI

EFLN PAERSO ROD AND END PLAT
ý ASHER12"

Figure 4.-Spool assembly of metal specimens for corrosion tests.

batIt} Iellip(,r , ture •vas Inasuiireld witil a llerlnioleter enclased ill II
zircon-porceh(tin termcouphe-protection tube.

The metal specimens were weighed before and after the testý.
The procedure used for cleaning the specimens was the same as Owl
used in the thermal block tests.

Bwib t.xct..-- For the tests in which it was necessary to use higher
than atmospheric pressure. stainless steel bombs of the type shown in
section in figure 5 were used. The metal specimens, which were of the
disk type, were mounted as is shown in the figure. The bonmhs were
provided with stainless steel adjustable pressure-relief valves to
permit escape of gases formed during the test. When agitation of the
corrosive was desired, the bombs were submerged in a constant-

temperature water bath and oscillated with a cam mechanism. The
cam turned 19 revolutions per minute and lifted and lowered one end
of the bomb through a distance of 2 inches. At the middle of the
stroke the axis of the bomb was horizontal. The water in the bath was
heated with electric immersion heaters, and the temperature was
controlled with a mercury thermoregulator.

In some tests these bombs were maintained stationary in a constant-
temperature electric oven. The oven temperature was maintained
at the desired value with a bimetallic thermal regulator that controlled
the flow of current to its heating elements. The lines from the bombs
to the relief valve were extended so that the valves were outside the
oven.

The method of handlingthe specimens was the same as that de-
scribed previously.

7



TO PRESSURE

RELIEF VALVE

BATH WATER LEVEL?

CORROSIVE _.__

GLASS -\
SPACER

METAL GLASS
SPECIMEN INSULATOR

0"-YPE 316 STAINLESS
STEEL BOMB

Figure 5.-Bomb corrosion-testing apparatus.

Plant and pilot-plant tests.-Tests were made in the plant and pilot
plants in sumps, tanks, pipelines, launders, and reaction vessels of
several types. Disk specimens were mounted on spools similar to the
ones shown in figure 4. In most cases glass or Saran spacers were
used in place of the Teflon ones shown in the figure, and the rods and
end plates of the spools were usually made of A. I. S. I. Type 316
stainless steel.

The method of handling the specimeiis was the same as that de-
scribed previously.

=• ...................... . . -- -- • • •=u~lumllmlillnm m ,8



Method of Evaluation

In general, weight loss expressed as rate of corrosion in ternis of mils
of penetration per year was used as the basis for evaluating the resist-
ance of a material to the corrosive. However, when the corrosion
rate obtained in this manner was in the acceptable range but severe
pitting of the test specimen had occurred, it was considered that
corrosion was excessive, and this observation, instead of numerical
data, is reported.

For use by TVA, 60 mils' penetration per year normally is considered
the maximum acceptable rate. However, there are certain applica-
tions, for example, where thin materials must be used, in which the
60-mil criterion is not necessarily applicable.

The duration of most of the tests was 15 days or longer. It has
been observed in a number of tests in phosphoric acid that corrosion
rates are high at the beginning of the exposure period but decrease to a
reasonably constant value after 6 days. Where data for tests of
shorter than 6 days' duration are presented and the experimental rates
are less than the normally accepted 60 mils per year, the rates atre
shown in tables to be presented later as less than the experimental
value (<experimental value). In those cases where the weight loss
in less than a 6-day test period was so great that the corrosion rate
calculated using this weight loss and a time of 6 (lays exceeded 60
mils per year, the corrosion rate has been shown only as "excessive."
It was reasoned that, even if these tests had been extended to 6-day
periods and no more metal had been corroded from the specimens, the
rate still would have been excessive. Present TVA practice is to
subject materials to a 30-day test. However, it is believed that, on
the basis of recent data, the 6-day test results are significant and give
an accurate indication of the serviceability of the materials tested.

Results of Tests

The results of tests in each type of corrosive are presented under a
separate heading.

Tests in phosphoric acid.-Both electric-furnace phosphoric acid
from the TVA acid plants and C. P. phosphoric acid were used in these
tests. A typical analysis of plant acid (85 percent H3PO4 ) is as follows:

Constituent Percent Constituent Percent Constituent Percent

P13 .------------------ 02. 9 Pb -------------------- 0.01i si--------------- ------ 0.01
K------------ -- 2 F- ------- ----- I--------.024 C ----------------- . M3
Ca ------------------ .20 Fe ---------------------. 03 01 0 .....................
N• -------------------- .08 As -----...........- .00.3 Cu -------------------- .002
AL -------------------- .64 Mn 002....... W2

The results of laboratory tests made in the thermal block apparatus
and in the bomb testing apparatus using plant acid are shown in
table I, and the results of those made using C. P. acid are shown in

916091--5--3 9



table II. The tests in C. P. acid were made in the thermal block
apparatus. Table III shows the effect of varying the rate of aeration
of both plant and C. P. 85 percent acid on the rate of corrosion of
A. I. S. I. Type 316 stainless steel and of red brass as determined in
the thermal block apparatus. In these tests several acid tempera-
tures were used. The results of laboratory tests made in very strong
phosphoric acid (117 percent H3P04) at an elevated temperature (4800
to 4900 F.) are shown in table IV. The tests were conducted in the
ceramic-lined tank testing apparatus, and the acid was prepared by
concentrating plant, acid (approximately 85 percent H3JP04 ) to 100
percent H3P0 4 by evaporation and fortifying this acid with solid
phosphorus pentoxide. The results of the tests in phosphoric acid
that were made in plant and pilot-plant equipment are shown in
table V. In these tests, acid concentration and temperature varied,
and the extent. of aerat~ion and, in most cases, the velocity of agitation
were~ not known.

TABLE I.-Laboratory corrosion tests in TVA plant phosphoric acid 1 2

Corrosion rate ex-
pressed In milspenetration per

Material tested I Corrosive and conditions year

With Without
aeration aeration

Admiralty metal ----- --------- 90 percent HzPO4 at 2600 F ----------------------- Exe..I-----
A. I. S. 1. Type 304 stainless 1 percent HIP04+5 percent sugar at 363- F. and -..... .

steel. 190 p a I bomb test.
Do -------------- 80 percen i %Po 4 at t5ir F.; metal cold bent 900 ------ .

and beated to 8300 F. and air-cooled.
Do ------------ --- 0percent H3PO4at 240 F ----------------------- Exc .-----

Do --------- ----- Boiling 80 prerent H3P0 4 at O94 F------------------ -------- Ec
Do ------------------------ 85 percent H3PO4at 2

0
0 F------------------------- 54------

Do --------------------- -- 85percent H3P04 at220PFF------------------------ ---------- Exc.
Do -------------- 85 percent H3P04at 2WSF -- ý--------------------- Ext. Ext.
D1) ------------ 90 percent H3PO4at 2W0F_------------------------is -----
Do------------------- ----- 92 percent H 3 PO4 at 358

0
F ------------- ---------- Ext.

A. I. S. I. Type 309 stainless 80 percent HSP04at 2401 F------------------------< 1.6 .1 ------
steel

Do------------------------85 percent 1E13P04at 200
0 

F ------------ 0 -----Do,------------------------ 90percent H3PO# at 2W0 F --------- 7 f-----
A. L. S. 1. Type 316 stainless I percent H3PO4at 200P F---------- -------------------I

steel.
Do-----------------------1I percent ItP04 at 3630 F. and 190 p.si.L, bomb ----- .9

test.
Do -------------- I percent H31`04+5 Percent Sugar at 3630 F. and ------ .3

190 p. s. i., bomb test.
Do---------------------- 3Percent H3PO4at 2tJO

0
F ----------------------- . I 1

Do ------------------------ 5permet H3POsat 20*F-------------------------- .5 .1
Do ------------------------ 10 percent H31`04at 20P-F------------------------ .1 .1
Do --------------- -------- 20percent HsPO4 at 2i0F--------------- -------- - .:2 2
Do ------------------------ 40 percent H3PO 4 at 200 F---------------- ------ .4 2
Do ------------------------ W sercent UsPO4 at 200* F------------------------- 5 1
Do------------------------ Boiling 70 percent HsPO# at 29W F -- --_ý-------- ---------- Exc.
Do --------------------- sopecent HSP0 4 atlt500 F.; metal cold bent 90P -------

and heated to 8300 F. and air-cooled.
Do----------------------- 80percent H3PO4at 1801F..-- --------- 2.5-----
Do......................---80 percent H3P0 4 at 1800 F.; metal cold bent 900. 2 -----

no subsequent heat treatment.
Do---------------80 ercent H31`04 at 180 F.; metal cold bent 900, 14hetd15 minutes at 8500 F. and air-cooled.

Do ------------------------ 80 percent HsPOtat 200F ------------ 3.2.-----
DO---------------------- S~prcets~a20F;mtb dhn90 .

hetd15 minutes at 8100 F. and air-cooled.
Do -_------------ 80 percent HaP0 4 at 200 F.; metal cold bent W0, 4.7.-----

no subseqent heat treatment.
Do-----------------------8 so cent H:Po 4at 2W0 F-----------_--------- _ <1.35-----
Do-----------------------Borling,80 percent H3PO4at 240F--------------- ---------- Exc.
See footnotes at end of table.
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TABLE I.-Laboratory corrosion tests in TVA plant phosphoric acid I 2-Coiitinued

Corrosion rate ei.

penetration per
Material tested 3 Corrosive and conditions ya

With Without
aeration aeration

A. I. 8. 1. Type 316 stainless 85 percent HsPO4at2OO F ------------------------- 1.2 -- -- -

D~o ---- ------ 85 percent H3POjat 220P F ---------
Do -------------- 85percent H3PO 4 at 235F ------------ 5
Do ---- ------ 85 percent HPO4at 256' F 1-------------Do -------------- 85percent H31`O4at20OrF 1----- -- 20 240
Do - ------------ 85 percent HsPO4 at 30VF -------- - 2 30D)
Do -------------- 0percentlHP0 4 at 20O

0
'F-----------------

Do ------------- BoilinggoO percent H3PO 4 at 34rF -----------
Do. ------- ---- 92 percent H31`0iat UP F------------
Do. 6ipe--------t00----------------93pretHP4a2WF ------- 2600 1 :
Do------------------------ 93percent H3PO. at 2600F.:metaheteol o t( ....

minutes in the range 1,E6W-2,2 .an atr
quenched; specimen pickled in FadHO
and passivated In concentrated Ns

Do---------------------- l100percent H3PO4 4at 130 F---------------------- .2 .3
Do----------- ------------- il 7 percent HSP0 4 (85 percent PrOi) at 140' F...... <------ _Do------------------------ 117 percent H3PO# A (85 percent P10s) at 3M

0 
F ... 1.A. I. S. 1. Type 316 stainless 90 percent H3PO 4 at 2O0 F ------------------- U----------17...

steel+Cb.
Do ------------------------ 93 percent H3PO 4 at 2W0F_ --------------------- 5----I

A. 1. S. 1. Type 329 stainless 80 percent HaPO, at 1500 F.; metal cold bent 900------ i
steel. heated to 8500 F. and air-cooled.

)o..----------------------- 80percent HaPO, at 200F---------------------- --- 2.4 .-----
Do------------------------ 80percent H3POiaSt 2M*F.; metal heatedl16hours 3.0 .-----

at 7600-7W0 F. and air-cooled.
DO---- ------- 80erCent H3PO~at 2400 F--.-------------------<it -----
Do---------------- - ----- olingS percent RsPO, atrO4*F------------------------- Ex.
Do --------------- Boiling 90 percent HaPO4 at 34rF--------------- i---------- Ext.
Do ---------------- 92 percent H3PO 4 at 358 F -------------------------
Do------------ ---- 3 percent HiPO 4 at 26

0
*F ---- I--------------------320 -----

A. 0. S. 1. Typ 37sanes 8percent H31`4 t 200* F------------------------- 0 ------
steel.

Do---------------- -------- 90percent H3P0 4 at 2RO F- ----------------------- 8 -----
Do ------------------------ 93 percentll:PO4 at 2W OF--------------------- --- 3 ----A. 1. S. I. Type 410 stainless 1 percent H 3 PO, at 200 F_----------- .2

steel.
Do -------------------------- ercent lt3 PO4 at 2000 F. ------- .2 44
Do ---- ----------- -------- 51 percent H31`04 at 2000 F------------------------------ 6 73
Do -------- -------- ------- 120 percent H3PO4 at 2000 F --------------------- I 18 38D)o ..----------------------- 

5 percent H 3PO 4 a t200 F -------- ------- - - -- 8 5 "
Do ----- ------------ ------- 40 percent HSP04at O00* F --------------------- 400) 490Do......................--- 60percent H31`O4at 2M F ---------------------- 1.800 5310

A . 1. S. 1. Type 430 stainless I percent H 3 PO4 at 20V0 F------------------------ .1 .
stel.

Do ------------------------ 3percent H31`4at 200' F------------------------- I1
1o--------------------- 5percent H3POj at 200 F----------------- -------- 1.0 .
Do ------------------------- 1 10 percent HsPO4 at 2000 F_------------------------- 1 2
Do -------------- 20 percent HiPOi at 2(W F., ------------- -------- -1 I1
Dso---- -- --------- ------- 40 percent 113 PO4 at 20W0 F ý----------------------2 .1
Do ----------------- ------- 60percent H 5 1'O. at 2000 F------------- ---------- 10 Is
IDo------ ------------------ Boiling 70 percent HE3 P0 4 at 2000 F ---------------- ---------- Exe.
Do-------------------------680 percent H31`O 4 at 2*F -------- ----------- I 3.1 18
D~o------------------------ 85percent H3PO4at 220 F-................... 1 -------
Do --- ------- ------------ M percent HsPO 4 at 235*F ------------- ------------- 4
Do ------------------------ 85percent HsPO4 at 2550 F ---------- _-- .8 1.32

A. 1. R. 1. Type 446 stainless 90 peroent HsPOi at24O
0
1F---------------------- <5

steel.I
1o)---------- ------- 85 percent H31`O 4 at 2000 F_----------------
Do ------------------------ 90 percent HsPO4 at 2W F--- 14 -----A. 1.S. 1. Type 501 stainless 10 Percent HsP0 4 at 20

0
*F ------------------- --- 2,300 ---

atel.
Do ----------------------- 20 percent H3PO, at 200

0
F ---------------------- 4,500 ----

A. 1. S. 1. Type 502 stainless 1900percent H3PO4 4atlS30oF----------------------- 27
atel.

Aluminum...................6_ 0 percent H3P0 4 at room temperature ----------------- ----- 1,30Draws, high--------------------70 percent lt 3 PO4 at 1300 F---------------------------- -----:1.4
Do......................---78 percentHIiP0O at 2M0F------------------------ _ _ ------ ItoDo------------ ------------ 85 percent H3PO .atE4UP F --- ------------------------ --- e
D~O------------------------ 85Percent H3P04at 2551F_------------------------
Do......................---90 percent HzPO4at 260 F......................F-- .........Brass. red_ - ecn 3~ t2-I ----------------------lpretiP2M00F.........
Do ----:: _:_ 11percent H.POatSO383 F. and loo p. a. I. bomb test.-------------1.6
Do ---- 1 percent HxPOi+5 percent sugar at 363* F. and 1-----

160 p. a. I. bomb test.
Do .... 3percent HaPO4at 2W0F........................-- 310 150
Do .............. 5 percent HiPM at 2000 F........................-- 820 w

Ses footnotes at end of tabbl.



t TABLE 1.-Laboratory corrosion tests tin TV'A plant phosphoric avid 12-('outhiited

Vorrosion rat,' ex-
tiresseot in toils
Pernetrationl per

Material tested I Corrosi ve and condiIt~ons year

WVith Without
aerat ion aeration

Brass, red - - - ----- tolPercent 113110,at 24)44 F ------------- 142

W) 4)Percent H.,POi at 2484' F ------------ 1. 4W3 59)
Do------- - ----- 414 Percent 113'O. at 200' F _ -- _--- 1, 34O 25)
Do 14 per---------- 0ITcent H31`O4at 2241' F ----------- ______ 2.53 S
Ito --- ---- .-- -- 5percent IHoPO4 at ?V5 F ------------- 6,M4 21

Do.-- ----- 835 Prcent HIPO, at 255' F ----- _- __ - 4
Do ------ 6----- 3 I percent H31l0. at 260' F ------------- 2.704 445
Do __.1---- S5 percent 11,10t at 304)' F ------- ---- ------- --- )~0 5. "
Do 1-6--- IarC0nt 1131O0 at 4160' F------------ ---- ----- Exe.
Do..------------ Boiling 64) percent IbtPO, tit 342' F -------- --- RIC.
Do ------------- 192 percent HsPOiat 3.51' F -------- _---------------Exe.
1)o 100 Percent HSP04,'at 13W4 F------------- ------- 14

Bronze. PtiosporCý 90 percent HiPO4 at 2464' F-- ------------------- Fxs
Bronze, Phosphor D_- ---- 9 percentI H31 04 at 2461 F ------- _----------- Exe. -

th -- - 922percent HbPO, .1 W' F------------------Fx
Chlorirnet 2 - 8 10 Percent H31'0 4 at W60 F ------ ---
Circle 1,-40 (cast) -------------- 1?91 percent H3PO4 at 1641 F ------- ------------ 44 -

Do -------- ------ -------- 4)0 percent ILP04 at 20)' F -------------------- 2 --- 32
Do---------- --- --- ------ 61 0 percent 1ut'O4 at 280' F--------------- ---- 3100 -

Do ...... ---------- 92 Percent H31104 at as' F------ I---------------- Exe
o-------------V3 percent H3PO, at 260o F.----------- ----------- 1214

Copper. d,4oxidired I------------1t percent HiPO4 at 363 F. and 160 p' s. L.. bonit,
test.

D)o--------__--------------1 IPercent H3110,+5 percent suzar at 363 F, and --
104) p. s. 1., bond) test.

Dao -- erntHPtt 5) -------------- pecnHP at2 F. ---------------- ---- 46
110 . _ --- t-- Mprcent H ,P04 at 235 F---------- --------- --------- -- W2
Do0 --------------- ercent H3PO, a1t W F -t---------
Do ---------- 1- M percent BP(1. at 241) F- - --------------- Exe. - -

Dutrinet. ------ ---- 117 Percent H,,PO, 1(M percent P200)tat 140' F _ <- .
D)0 1 _ ----- 17 Percent MMPO 3(K.5 ttercent P205) at 3541 F.. 1, t.

Ditriniet 20 ------------ 4) pe-rcent 1tPO, at 255' F------------ ------- -----143
tDo - ------- ..... A5 Percent 1,PO, at 2&5' F - ---- --- ,7
Do .4prcn -- t---t--'------ ------- 81 v~n IP4a S __- - -_----- 47

tPuriron (cast) --- 14) perce-nt liPO, -.t 56)I' F ý---------------------------- - 2.
tDo --------- 14.5percenttllt1t04 at W)'F------------------------1.7 - -

Dto M3 Percent 11.11'0. at 2241' F_-------------------4
Do.15 pt-rcent H4t10, at M35 F --- 1.4

Do--) ------- 101, Percent )1,t'04 at 2464'I F------------------------ 4.2- -

Do__ -14) percetnt HiPO4 at 2tli1 F-----------------------1.9
Everdtir llt4L ---. ------ I percenit H31'0, at 3103' F. attd IM6 p. s. L., bornit

test.
Do----l ------- I percent H~'~)5percentt sugaor at 53'3 F. and -----

D o _ -- ---- --- -- 1- - N It. S. i.. hottb test.-
Do---------- -------- Percentt lit,'O. at 1244' F----------------------- ------- 5.7

MDo - - - - - - - - -- - 7 ec n 1 O i M - - - - - - - - - 24
1)0------- ---- ------------ 714 Pereont HbI0 at 220 F ---------------- 21

Do ----- --- .... 9.5percent H14PO~att2Wi F - _---------_ ---_ ------_:

tw - -------------- ------- 6S5 percent H1 P() 1 at 255' F------------- ----------- ----- ---- 3
to - ------------- --------- 690percent H3PO4at 20*F -- ---------------------------- 144

Do-..-----------------q2 Percent HsPO04 at 3514 F ---------- ------------- Exe. - -
Everdur 1015 ------ ----------- 6 0 percent HtiP04 at Set)' F-------------Exe.

Do, 92 percent Hi MO at 358 F -----------------------
01-40) LaBour (cast)6----- :------- 117 percent H3P0 4 a (85 percent 1120s) at 140' F --- <1. 7

lb-------------------_---- 117 percent H, P0 4 S1(63 perent Pitts) at 3541 F9------ 7
Itastelloy A--------------------80 Percent H110.at 280' F -- 5----

Doo-----------------------90 Percent H31`O4at 280'F _----- -------- -------152-
Do. ---------------------- 92 percent HsPO4 at3514 F------------------- ý- -ý- - Exc. ----
IDo- _____ 143 percent HSzP04at 2410 F----------- ---------- 2410 ----)-

Tisateltoy B------------1o percent HtiP0 4 at 215' F_----------------- ----------14
Do --- --------------- Percent HIP04 at 56) F----- ------------ ------ 1414 ------
Do------------ ----- 6Percent HP 31`4at 2150' F ----------- ------------- 200 _
Do ------- ------- -------- t100 percent HsPO,' at 124) F----------------------- 2 .7
Do-----------------t7percent WtOii(845percent P20Odat 1401Fý --- 4)

Illitam G(cost)----- ----------- 117 Perceent sPO4 A(83 percent Pb0S)at 140' F --- 2.4 .----
Do ------------------------ 1l7percent SP04 '(85 percent P105)at 3W'F--------- 122

Leed, chemical---------------- 56percent sPO4 atl130 F ------------------------ 16 7
Do ------------------ ----- 56 percent HaPO4 at l440F------------------ ------ 38 14
Do ---------------- ------- 56 percent HtPO4 at 2Mt'F------------------------ 57 25
Do ------------------- 6 rets~a21'------------------10 72

Do-----------------Bopli t 70 PO aeet 2WP F --------------------------------0e
Do. ----------------------- 7 1 70perc ent t HtPO4 +6atH2WO 4F----- -------------------- 1x.6

Do_------------------------70 percent HiPOi+S percent fliO 4 atl80'F..ý- 166 814
DO_ ------- --------------- 70 percentHIIP04+8 Percent lSO4 at 200 F --- 265 212
]DO.------------ ----------- 179percent H3P04At13DO F ------------------- I 36 1 8.4

Slee footnotes at end of table.
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"TABLE I.-Laboratory corrosion tests in TV.A plant phosphoric acid I --Colitillued

('orrosion rate eX-
pressed in itlils
penetration per

Material tested I Corrosive and conditions car

Will Without
aeration zerations

Lead, chemical ----............ 78 percent H4PO, at N1O' F -. ...... ...- 71) 1,5
Do -. -. -- - .---- ..--- 78 percent ilhl1 at IJ)' F -. ... .. .... - 212 59
IDo --. -------. -------.. 80percent lliP O.+ ,t - - - - -F ------ 5 2 54
Do -------------------- Boiling S1o pecent 11hP0. at 2?J4' F --.------.----. -• . xe.

-o ----------------- 85 Per•ent H I'( at I55' F -.- ..-----------.-------- 770 21K,
DO ------- -------------. 5 percent IIIPO4 at 1114' F . . .. - . ' 206
Do -...----------- -- Boiling g Percent tlPt1, at 342- F -.---------- - Ext.

Lead, tellurium ---------------- 70 percent I110P) at -U)" F -------- - ----- - 5A
io I----------.-------- 7 8 percent lIPO4 at 21M)' F ------.. . 3011

Low-chrome iron- -...------ 80 percent IPt'04 at ront templerature ----------.---- . 40
Manganese 18-8 stainless steel - 85 percent llPl'04 at 2M1* F .1 ----
Mild steel --------------------- I perent II-tS),at 3' . alt,10p . bOnnibtest .44

Do ---------------------- 1 10 percent llil',0 'at ItO* F . It(41
Do ---------------------- 117 lipercent 1st'0O4 (K85 percstlt P20) at 100' F.------- -. . - I
Dt ---------------------- 117 percent ILPO. 5 (85 lPercent P.2Os) at 2010' F- -- ------- Exe.

Monel -.------------------ ------- Strentl at363F. aId160p si honibtest -.
Do - -------------------- I Percent 1l1PO+5i percent sugar at MIW' F. anrd 1 7

1 1'0 p. S. I., bomb test.
Do .--------------------- 5M llercenlt 111104 at 2021 F -.- 9
Io ----------.-----.---- 85 percent l1l3PO4at 2•5' F --------------- 4140 tll
Do -------------.------- 85 percent HI31PO at 2•80 F -----............. -...... 45,
Do -----------.-------.--- 117 percent H3PO. 5 (85 percent P2On) at 140) F I <10 .....
o-------------- --------- 117 percent sP(10 ' (85 percent I'MO) at 35%' F ..... ..

Monel K ------------------ 117 percent H31'O4 '(8M5 percent P20) at 140' F .- , <9
Do ..--------------.------- 117 percent t13PO4 s (85 percent PO) at 35620 F.- 5.4

Muntz metal (cst) ------.------ 1 90 percent Hp3O4 at 260 F ---....... ........ xe.
Do --------------------- 4 I 92 percent 113P04 at 358K F ...................-- Ex-.

Pioneer .--------------------- 85 pereentlHsPOs at 255W F ----- - -- -ill-
R-55 LaBour (cast) ------------- 117 percent Il.,PO1  (85p l-n1nt P',Os) at 140 F _ 2. - -. ;

1)o ------------------------- 117 percent 13PO4 ' (85 Inereent P205) at 356, F 4..3
Worthite ---------.----------- 85 percent HiPO4 at 220) F -................-- ...... 24

1o --.---------------------- 85 percent H,1'O, at 25U5 F .................... 50 74)
Do --------------------- i 85 percent H3PO4 at 2S0' F ----------.------------ --------- 110

All tests were made it, the thermal block testing apparatus (see fig. I) unless otherwise niotei. Olhlr
tests made in bomb testing atplparattus. (See fig. 5.)

2 Where "Exc.- is shown in the table, corrosion is considered eXcessive.
. Specimens were wtoughtb metal unless the notation "cast- aplpeas.
4 Plant acid concentrated by evaporation.
I Plant acid concentrated to 1tt0 percent 1131"'0 by evaporation and fortified with PIt)3.

18



TABLE I.-Laboratory tests in C. P. phosphoric acid

Corrosion rate et ressedl in toils penetration per ye-ar

A\. 1. 0. 1. Type 310 sta~inlesssteel 0.1...... ... 1.. .. 1 1o02 51 11. i 0
A. I. S. I. Tlype 4161 stainless,

steel rial testd 2
A.L S. L. Type 416 stainless

se 0 0.. . o. 1 .. 0 . . . .A. I. 5. 1. Type 4:1) stainlessstee-l .... 0 . 2 t2
A. 1. S. i. Type •50 stainless

steel I.. . . . . I I 3. 1•s 4, 2qM .1 2
steel--------I .------ I -- 13.11 4.01"

Brass, red------------- ----- O10 115 :1201) 112 'Oki 1!;6 Pki4 10 I 1. 7111

'Corrosion rate expressed in mils lwnetrat oo ipr Year

M.aterial tested' J= ' xis~ SýXi 5F~ Z ---.
Sz 5- 1io 5 :*

1.~~ Typ 31 tan

lesst,', -... -. 1, 1"• - 2•;i? 28• = 3 52 -%3 -- IAN 300-- 24 2W

A. 1. S. 1. Type 10 stain- I
less steel--------..-1 .3 i 2 2 3 52 93 I41)10 3--) 24 2-0

A I. S. I. Type 410 stanu- I
"e ts't i "-•-- ------- 24 4-- ---.-- ---------

A. I. S. 1. Type 410 stain- jless steel ...... ...... . . . . . . . .. . . . . . . ..

less steel ----------- ------ 1 9 --- - -_ .A. E. .1. Type 430 stain- .A. 1..1 T iype-•lstain- ... .. .. r'

les steel ---- -- ------ - ..... .. . .. ...------------------
Brass,red. --- - ------ is-2 1 11U l 4701 1------- --- ------ 2,700 1051 5. '1AX) 4S0

I All tests were conducted in thernal block testing apparatus. (See fig. I.1
a All specimens were wrought metal.

T.,BLE III.--•ffects of aeration rate on corrosion of A. 1. S. L. Type 316 stainless
steel anti red brass in 8,5 percent phosphoric acid at rariois temperatures A

Corrosion rate in mils penetration per year

Material 2 tion 8pereent plant phosphoricacid 8,5 pereent C. I'. phosphoric acid
rate, temperature, F. temperature, I F.

208 ! 235 255 2HO i 300 208 Z3.5 2.,5 20 ;s 1

A. I. S. I. Type 316stainle. steel- 0.000! s! 23; 1 240 30028 52 93!110210
Do-----------------------. :111 4 0W 145 470 2110:13 5ý 170 410 M~
1)o .------- .------------- 010 3 8 ...... 2 3 1 3; --- .. 2 420

o .-------------------------- .020 2 5:1--I 120 2 X.---- 1 2
1O --------------------------. 72 7 30 1401 6 1 3 is 2& 30

o--------------------------.040 2! 4 14 72 ----------4 2! o10i 21;
Brass, red---------- I-------- (.tf 211 .39 ... 35 8 10' ---- 480)

Do .......................... 005 2401, 540.... O 1,100 &so ----- 1.311M 2400
Do ------- -- --------------- 010 380 NO---- 1400 3,000 340 .- -2,100 42,40Do .................... 1 700 5,500 470 --
Do ............................ B 1,3002.2,10 5,400, 70 1,00- 5,00Do -- ----- I ---- .00 MJ : Wj 2,900 5, OW 7.1A ------ 3. 100i SAIM

DO ....................- .040 77011,5501. 3, OW
40

O 75o) ------.. .I2 60 D

I Al tests were conducted In thermal block testing apparatus. (See fig. 1.)
'All specimens were wrought metal.
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TABLE IV.-Laboratory tests jin 117 Percent 113P02 at 4'8O' to 4900 F.'

Corrosion rate expressed in rinls penetration per yearc

Linear veloc-
Linear veloc. Linear veo-ity of speci-
ity of slaec,- Iit y oft meni 0.2 to Six-eimen

Material tcstel I Jitnt 0.2 to men~j 0.2 to 0ee U,: Static; speCi.
0.4 ft. see.; 0.-4 ft et'-e s ctt

ciflcit sp~t~itset* aternately
compltely cwnpltelyatsd sn berwAC~tltletl itdremovd umresubtmerge,1l; submterged; fro'11*mj bath slightly

bath agitated bath agitated both'; b'at I agitatc.1
sightly 0.4 ft.iec~. agitated 0.4

A. 1. , 1. rype mg.0staintless steel- -------- ------ ---- --. 'o
A. I . I. r.ype ttostaittless steel.---------- ---------- ------------- --------. 0
A. I. S. 1 . T ype :ttofistaitnless steel ------------ 40 ------------- --------- -- -----
AIs.lI.S rype 317stainless steel. --........................
A. I. S. 1. Type 347, stainless steel. ----- --- ---- --- ------ .0
A. I. S., 1. Type 446 stainless steel - - ----- --- -- -- ...... I O
Brass,rd ----------- --- ---------- ------- 360 ------ --- -----
Bronte, aluminum............. ---- ýx --- ---- ----- ----
Bronze, Phosphor -- ----- ----------.-- -------. . ;
Chl,,ritnet 2 (cast) ------- ---- --- ---------------------------- 39............--
C ircle L-34 tetit) -- - - - - - - - - - - - -- -- - - - - - - -Coast mtetal 4 (cast) - - - - - - - - - - - - - -- - -- - - - - - - -I -3, 000
Coast Mnetal 10 (Cast) -- - - - - - -- - - - - - --- - - - - - - - - - - - -
Coasttmetal 12 (cast) ---- -- ------ W
coast metal tS (Cast)............--------
D urim et. - - - - - - - - - - - - - - - - " . . . - - - - - - - - - -
lD uriron (cast to-- - - -- - - - -- - -3 -- - - - - - -- - - - - -
Elcomet K (cast).............. --- ! 10 - -- ---- ------
Everdur I 1 t- - - -- - - -- - - - - 09 --- - - - -- - - -
flastelloy A (caist andi wrought).... ------ 3 30 -------
Hjastelloy B (vast and wrought) ------ ----- --- ---------------- 2t12......
Ifastelloy C (cast) -- - - - - - -- - - - N);- - - - -- - - - - -
Hfastelloy 1) (cast) -- - - - - - - - - - - - - - -7F) , - - - - - -- - - - - - -
Illiunt R------------------------------------ .0 ------------------- ----- --
Inconel------------------------------------- --- 1 0)0() ----- --.....---
La Boaor G-s40 (cast)- -------- - - ----- it-----------I
La Hour R-55 (Cast) ------------- - Eec ---- -___ or...........--
.m angaksc )8-$ statniess. steel - ------ -- 1,34() - ---- -----
M ild steel -- - - - - - - - - - - - - - - - - - - -t-- - - - - - - - - - - - - - - -1 000
N io n e l -- - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - c .
Nichrote V-.--.----------------- -- :6- ------------------- ---------- I .............
Nickel ----------------------------------------- Ex ------------............... --- ---Pioneer (cast) --------- -------------- --- 20 ----------------------20 -----Sterling silver----------------------------- ------ ------ -------- 12..........----
Tantalum.-.------------------------------------------- ------------- ----------- -- ;-

Cou pled samnples

Hastelloy A (coupled with sterling silver) ---------- 3h)...........
Hastetloy B (coupled with carbon)..----------- ----------- 2
Hastelloy B (coupled with sterling silv-er) ----------------- 4--------------4-------
Sterling silver (cottpled with Ilastellov )--- 40---------- ---------4e----- ---------
Sterling silver (coupled with Hastelloy B)------- ---------------- Ea.1.........------------

Welded sam ples

Hastelloy B (welded with llastelloy B) -------------- 25----

IAll tests conducted in ceramic-lined tank testing apparatus. (See fig. 3.)
2 Specimens were wrought metal unless the notation "cast' appears.
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Tests in vapor containing phosphoric ac.W.-Some tests were made
in TVA phosphoric acid plant vapor ducts that contained phosphoric
acidl as mist and some fluorine, probably present as hydrogen fluoride.
The principal constituent of the gas carrying the mist was nitrogen,
though some oxygen and water vapor were present in all cases. T1he
results of these tests are shown in table V1.

TABLE: VI.-Tests in en pors containing phosphoric acid

Corrosion rate expressed in moils penetration per Year

Vapor contain- Vapor eon-
ing approsi- Vapor eon- taining

mtrco-rately 0.07 tamning approsi-
Vapo en-g percent P205 10 percent mately 13

sa~m al by weight and by weight percent
quantity of approximately of 81 per- 11205 and

Materil tes 2 24 p). P. M. P2 cent 113PO4 approxi-
Maeraltet.' tP01 as a and from 710o as a moist mately 250

traces Or 15 percent 02 au.
1 

ap- ppmE

Iloie at "a tepr-proximfately by weigto

at18opottl torefo 2 0 I 3t0J
0
F.

at VO~ clocitv of w -'eiht at Velocity of
2 12 ' F . a po r ap p ~ro xit 2 .5) P t Ii V a p o p -unstel 30 tls0 F. ipros 1itey

Admiralty -- ------ ----- - 5-------------- ----------- 441
Advance -------- ----------------------- ---- ----
A. f. S. 1. Tspe :302 stainless steel.-----23 -----

A. , . S. I . tye, :102 stainless steel welded witth
Type t9)2+'\l o staitless steel welding rod - ------ 251-------------

A. 1. 1. . Type :30:5 stainless steel .-- - -- - -- - 2 3- - - - - -- - - -- -

A. 1. 1. .Ty'pe :104 stainless ste M --------- 10 - -- - -

A. 1 1, Ty'pe 3'AM Staintless Steel.................................... ---- 1--
A S 1,Ty*pe 31615 stinless steel ----- I ---- 1 1937 23 t
A. 1. fNpe 316 stainless steecl weldled w ith

I spe 316) stainle.ss steel welding rod ------ 32 1.7ý -
A. f.S Tspe' 316) stainless steel electric weldedI

'aith Tx e".1W t h+ b stainless steel weldittg rod ------- 6.

A t, f, 'I. Its:3 stainless steel with Heh-xrc -----

wseld usitng TNt l+C b rod for filler.------.5
At'IT-e 317 stainless stecl , T5---IA. 1, 1 3 'ýS QV1 s ttes st - -- -- --- --e--el .2-- ----

A I E S.. Is 'Stai'nkIss 'steel _'Is,
A I s S.Lye4SlststnleSSste.li
A. 1.S . Ty-pe 4:10 staittless steel weldecd wtth------

* ''y5 tti± b weldittg rod ----------------------- - -- .

Ail. 1. i.f. Type 4411 staittless steel .----I----. ... SU

Alleghet' 5.5 (cast) ----------- -------- - - -- ... - -
NIC( F.-3 (eaist) ---------------
Ati-acid metal (cast)--------------- ----- .-- --

Berylliumt' copper-..................................46
Btrass.high --- ----- -------------------- 54------
Br.ass. high (brazedl with Phos-COpper) ------ 7 ----

Btrsý, high (brazed with Sil-fos) --------- - ---
Dtrams high (brazed with Tobin bronze) -----. 46 -------- ---

ljra~s:s high (soldter,,d with 60 percent Sn, 40 per-
e -tit Pb).------------------- ----- ----- 3 ------------- ---
Btss re35-------------------,)23

nras,: red (electrric welded) ------ -52- - ---- - -- - - --- - - - K

Brass, red (gas welded)............-.1.0 ---- 5*

Bronz&-, aluminum ------ ----------- -------------- se j. - --- -- --------
41 0. t-- - - - - - -- - - - -Bronze, romnierciti feast)--------------------------

Bronze, mtangantese (cast). . . .------ IX -------- ----

Bronze, nickel-aluminum (cast) l---- _--- I(M) ------ - - -- - ----
Brne, Phosphor C ------------ ------- -------- ---- 7 -- ----- ------ 42

Bronze, Phosphor 1).............................--I--- 25

Bironze. silicon----------------- ------ 4

Bronze, superstrength (cost) -- - - -- -- - - -- -41.. . ..- --- - _ _ . -1 _
Bronze, Tobin------------------------------------- 1 21.4 ----- ----.- 1 520
Carpenter 2 ------- ---------- ----- -------- 6 -F ----------------

Cast iron, gray (cast)................. --- E e.-___ -------

cast iron (brazsed with Tubin bronte) (east) --- ------ - ---- ----

Cast iron (welded with cast Iron) (east) ----- -0 ------- ---- --
Circle L-34 (cast) ---------------------------------- ----------
Copper............................-------- ---------------

See footnotes at end of table.
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TABLEs VI.- Tests in vaipors containing phosphoric ar-id t -('oitiitmed

Corrosion rate expressed In mits penetration per Year

Vapor contain- Vapor con-
ing atiproxi- Vapor con- tamingn

i Vapor con- rnately 0.07 tairing upproxi-
tOentP0s1 percent motely 13

Mining a5 by weight and by weight Percent
NI~ria tete( 2 uanityofapproximately of 81 per- P205 and

Material tmte 2.liitt 'f i4 p. I F, Cent H31'011 apprOxi-
Moist and Iasams tty25

t ae o 5 percenit02 Iand at-p . ) .F
Ifuormin at 50 texea -poit..iely by weih

co dture from t'20 p. p. ni. at 2t(5o to
311pt l s F2t7 b.Fy t %30W1 F.f

IrF. Velocity of i weight at Velocity o12 . apor approxi- 2i't a~ pneitely 30 34W4 F. proximiatley
ft./sec. 310 ft .isee.

Copp~er (tbrascd with Sil-tos) ----- -----------------
Copper (brazed with Tobin bronze) lit -----
Copper (moldered with M~4 percentt sit*0 perct--

Ph) ---- _--_-_--_ - --_ ---
Copper, (leoxidile "'_ - ------ - ---. 7
Copper, deoxuuliecd (I (lectric weld) --- ---... ..

Copper.CA -----------swel) 04 79
C ro lo y 9 - - - - - - - - - - - - - - - - - - - 4 - - - - - - - - - - - - I- - - -
V rotoy 21 2 0 - - - - - - _ - - - 1 - -I!)- - - - - - -- - - - - - - - - - - -
( , it ro-N ickel 261 pearce t -- - - - - -- - - - 18 _ -- - - - -- - - - - -1- - - - -
tDoraloy'A ---- -------- ------ ----- ----- ------------- -- --------- -
i),mrichh ir (e st) -- - - - - - - - - - - - - - -- - - 3 - - - - - - - - - - --- - - -

.~riron (cut0----------- ----- ------ --------------- --- ---I---- -E ).'JunroN C :1 fcast) -- - -- - - - --- -- - - -
Fxerbrite (cost) ------------ ---------------------- 1 ; -- I--,4:-l -----E-verchir 1010------ -----------..--------------- 32 1N---
F verdutr 10110 (electric weld

1 
with Everfltir 11010 rodl ----- t 5 : 0 - ------)I----

Exc rdtm r 1015 - -- - - - - - -- - - -- - - - - --1 . I- -- -- -- - - - - - --I - - - -(told ý ----------------------------- ---------- ------ ----------.---- ----l - - 1
ftastelloy % - -- - -- - -- - - - - 2 . ------ - - - 2:1
HIt-steiloy B -- - - - - - - - - _ _ _ .I- - - - - - -- -1 7
nfiselloy C (MWst ---- --- -------
Il-steiloy 1) (cot) I----------------------------2
Ittitim (i (cost)--------------- ------ 13.---------------- -- ... .
Iticon'o - ----------------------------- --------- j% --------I ----- ----
Lead, ceini cal ------- ------------ ---------------- 'II2220 -------------

Leid steell------------------------ ------------ 1, ----------- -------- ------Ni( tee m Ee----------------------4 (4--------------- --- 1----
M~otrel (etectric welde'l with NTOTtel) ------- --- -------- - -- ---
M one] (iletiurc wetdedl with Niotuet strip for filtler) 1 ----- 16,0

Xfn~~~~~~~~tcl~~~~ 60---------------------------tl ----
Nlol~ -s)---------------------------------------- ---- 102" 25

NtI met S leleric wetd with Mattel No. 1:30-N rod) ------------- J-------

Nickln V----------- ---- --------------------------- i- i ------- 7
N)-ltesist Ve ) --- --------------- ir

Ni--esist -o e treA(os) .10 .........)..Ntttickl ------ ------------ ------- --------------- 12 -- ---- ------N~y ui-es lt(r s) --- - - - - - - - - - - 1 ) - - - - - - - - - - - -
Mt' sitstue c optt r t re (caust) I------_----f :) -- ---------------S
t~lstinut j)------------------.1------- ---- -

S:ioii,,r ietal -0- )---- ----------------------------------------
Stering (cat)r---------------------------- ------ N--------------- ------------I

W o ti ler " m 2 ( c a- --s t- -,- - -- -Z aI ------------------------- -----------

IAlt tests shown were conducted itt plant equipment.
ISpecimens were wroutght mtetal untless the notation t-msl" appears.

Tests in. solutions of phosphoric acid and other minetral acids and
salts.-Tests wer'e made in the laboratory in solution-, containing
pliospitorie acidl andl other mineral acids and~ salts. C. P. chemicals
were used. These tests were madle in thtermnal block testing apparatus.
Thle results are sliownk ilk tab~le VII.
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TABLE VII.--Tests in solutions of phosphoric acid I with other mineral acids and
salts

Corrosion rate expressed in nmls penetration per year

6 s6

, oZ .=It a---

-2,?

. -rl. TyCe 2 t
s Material.. .. .... . .. . 76 . . , test. e . . _

L t- -E -tt *-

"A Is."I" " "Ty pe4301stainle•ss IIi I. .
s te e l . . . . . . . . . . .in , ------ --- -. . . . . . . . . -- -- -------- -- -- - --- ---

A . I S T.. .c f . .. . .. . ...

Ur s r l. .. . . . . . . . . .. . . . . . ... 20 1 4I 6 52• 4 ; 5

. L~ S'. Y5I

st 1 .'~ -- -- - -. ----~ 0 1 -- 0
1 .~ S . --- - --

A.I.I ype 304 stainless ,____

H steel oVA. . . . . . t • . . . 2 . . . . . . . . .

B I te-s t s tein e l o t gar- - - - - - - - -c ------ 4
A.I.S..Tpeimn were srugtan ess l llls h oa iol cs"alta

stceel-------------------------,0--------

A.I.Solt.o T ape 430 addin g soiPz tfu n I O.
Tests- - - - - - - --ium-phosp 510 -- ---- ----

A.1 .5.1.o Typ 4lstj ---------s
steel-et-------- --------- -- --- --------------------------25) ---- ---

p lloty ----------------- ----- ---------- -- --- ----- --- ----- --- - -i a ble .-------------------- 5- ----------22- -
Itstlo] 

I------- ---- 3 ---4-04;

I All tests conducted in thermal block testing apparatus. (See 11g. 1.)
2 Specimens were wrought metal unless the notation 'east" apapewrss.
3 Solution made by.k adding solid P20a to fuming 11N'0 3.

Tests int ainbionrim phosphate solutions.-Laboratory tests were
made in solutions of monoammonium phosphate and diammonium
phosphate. All tests were aade ill thermal block testing apparatus
using salts made by the amnooniat ion of plant phosphoric. ac'id in the
pilot plant described by Thompson, et al. (8). The results are shown
in table VIII.

Tets in electrostatic phosphorus precipitator seal oil with and without$phosphorus andl phosphorus pentoxide contamnin-ation .- A few tests were
made in the laboratory in the oil used as a pressure seal for electro-
static dust precipi tators usedl in phosphorus collect ion systems. New
oil and also oil that had been in service were used. The oil was
Navn No. t3095. The tests were mtade is ad thermal block testing
apparatus at 2000 F. The oil was not aerated. Results are shown
in table IX.

Tests in sulfuric avid with and without othsr mater ials.-Tests were

made both agi the laboratory and int pilot-plant equipment in sulfuric
acid solutions both with and without other materials. In tie pilot-
plant tests the sulfuric, acid that was used[ was produced in a pilot
plant operated in a study of the production of alumina from clay (9).
C. P. acidl was used in the laboratory tests. The results are shown
in table X. TheW methods of testing are indicated in the table. The
extent- of agitation and aeration in the pilot-plant tests is not known.
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TABLE VIII.-Tests in ammonium phosphate solutions

Corrosion rate expressed in mils penetration per year

Material tested 2 = Os$ ano~ls a r 06

S1 -as *S* Zeq a9t;-aE0

A. ~ ~ ~ jg 1...Tyes0st~ls

steel-.; -- 5ibQe__......... ........ ........ ........ ........ ........ ....................---
A. I. S. I. Type50Sties

Brass,Iyelow_- 5---- :- ----- 10 3 15i 7.5 18 11. 24 9 1
C a t rn. --y (east)-- ---- -- --- --- -- -- -- -- --- - - - -

Mild steel--------------------- ----- ----------- -------- -------- -------- ---- ---- -- - ------

Corrosion rate expressed in mitt penetration per year-Continued

Material tested 25 69 C3 a0. 0n - ;'61

Ri l2 2 g ' 2iE*53O.

A. 1. S. 1. Type 430stainless steel- -- -------- -------- -------- -----------
A. 1. S. 1. Type 501stainless steel ---- -------- -------- -------- ----------
Brass, yellow------------------ 2. 1 2.6 3 7.2 5 9.4 -----2Cast iron, gray (cast) -------- ---- -------- -------- ---- --- --------- ------- 2
MIld steel --- _-------- ------- : :::: :----- I-------- I-------- ---- --------------- 26

' All tests conducted in thermal block testing apparatus. (See fig. I.)
' Specimens were wrought metal unless notation "cast" appears.

TABLE IX.-Tests in phosphorus electrostatic precipitator seat oil'I with and without
P20s contamination 2

Corrcslon rate expressed in
rolls penetration per year

Precipitator
Material tested I rciitator seal oil con-

seal o21wt taining phos
out Pso0 con wphkruL and

wamination at weaHPO200*F. uivaentto0F. 1.7 percent
P203 at 200' F.

A. 1.S. 1. Type 316 stainless stel ---------------_---- ----------------- 0.7 7
A. 1.S. 1. Type 316 stainless steel welded with Type 316 stainless steel rod --------------------- 51
Mad awel---------------------------.4 200)
Mild selwlewthmlsel-------------------------.-- 340)
Rled brss----------------------------------------

I Precipitator seal oil S. A. E1.30 (Navy No. 3065).
2 Tests conducted in thermal block tasting apparatus (see fig. 1) without aeration.
' AU specimens were wrought metal.
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Tests in aluminuum sulfate solutio.s.-Tests wtere conducted in the
laboratory and in pilot-plant equipment (9) in aluminum sulfate
solutions of several concentrations and at several temperatures. The
aluminum sulfate was produced in the pilot plant. The results are
shown in table XI. The methods of testing are indicated in the table.

.As was the case with tests in sulfuric acid, the extent of agitation and
aeration obtained in the pilot-plant tests is not known.

TABLE XI.-Tests in aluminum sulfate solutions

Corrosion rates expressed in mils penetration per year

E--

A. M.S.n. Typer31stainless.steel I . 0 . -- -- -- 0 V

B rass. r .. ... . . ....'- - ------ 5 0 --- - -Bronze. Phosphor 1) -- -- -Br.nz. . .T peobin nlsste ---- -- -- 462 - ------

Circle L-34 (e st).. n. ... . . .. 9 .4 <.3 .2 .4 0 I 1.7

Copptr. deoxidized - - ---------- . - - _ Exe. M40
I)ur hlor (cast) ..-.-.--------- 1.3 - - - - - - - . -- - 1.5 0"(Surimet------------------------------.2 .- -- .6 4.1
Duriron (Cast) .. .----- ... 5.1 2.9- ....---... <8 .7
Everdur 1010- 29. 1 3
,lead, chemical- . . .... ..- 3.3 2 2.4 - - -. .<2.5 - 2
Lead. tellurium------------------1 I 2.1Monel -.---------------- !-340

Monel K---------------- ---------Resistac(east)-_ ----------- --- i. lvý 1.3 1.7Supernickel ..... ...- 25 - - -- ----- ----Zorite .... .... .- - 7.2 _"- I

I Specimens were wrought metal unless notation "cast" appears.
2 Testing apparatus shown in fig. 1.

Tests in, nitric acid.-Tests in nitric acid solutions of several con-
centrations and at several temperatures were made using both plant
and C. P. acid in thermal block testing apparatus. The results of
these tests are shown in table XII. Typical analysis of the plant
acid used in these tests is given below.

Constituent Percent I Constituent Icreent

eNOS ............................... 42,5 Ph .................................... Nil
Fe------------------------------------.e(W C .................................... 0. 034
Al ....................................-- -2 Si -.................................. Nil
Ca ........................... ....- .- W4 SO5  ...................... . .......-- N il
Mg...................................*)4 I
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TABLE XHI.-Tesis in nitric acidI

('orrosiun rate expressed in mils pentraition per year

Z. - z Z.2 x..2 V.CZ-

Material testei] ZZ W 51

A. . . .T pe30 stines stel ----- 3.3 2.

A. 1. S. 1. Type 309 stainless steel O
A. 1. S. I. Type 316 stainless steel [ .2
A. 1. S. 1. Type 347 stainless steel ------ .. ... 4 - - -
A. 1. S. 1. Type 4340 stainless steel- .1 V~ ---- --- 13 44i,
A. 1. S. 1. Type 430 stainless steel

electric welded with Type 309
,stainless steel weld Ing rod --- ----- -- -- - . ------ 3
A. S.5.1. Ty-pe 4:30 stainless steel
electric welded with Type
30t+Cb stain less steel weldingI

A.I.S. f. Ty~e 430 stainsless steel I
stainless steel welding ro. ---. i- ------ ------- ---- 2 ----------

A.!1. S. !. Type 430 stasinles:steel
electric welded with ftrypeI
3l6+Cb stainless steel wtlding
rod ---------------------------- -- ---- ----------- 2.5 -- ----- ---

A. t. S. 1. Type 430 stainless steel
electric welded with Type
347+Cb stainless steel welding
rod -------------------- -- ------I--- --- 1.5---

A.!1. S. 1. Type 430 stainless steel. .

electric welded with Type 430
stainless steel welding red 2.3---------------------

A. 1. s.1. Type 44listainless stee1 -- -0-- ------
A. 1. IS:1. Type 501 stainless ste Ftc E e --- ------ --- - ----
Aluminum-----------. 180 'Exe.I -- i 250 --- --- --- --- --- ---
Aluminum (electric arecwel'led ---- --- --- ------- -- --- -----
Alumninum (gas welded), 5.20---
A. St. T. NI. D~esignation! v A10 -- I --- i 20 -- - ---- --- ---- ---

39. Grande A (cast)------- .------------ ----- _ I_____
A. S. T. Al. Designation: A296- q 1 11

46Tl. 0 rade 8----------------- ------ 0 i--- ----- ------ -- --
Ferritic cast chromium steel.- -

(cast)--------- ---- ------ ------- ------ ----- ------ ------ ------ ------ ------ 25------2
Worthite --------------- ------- .3-------- ------------- ------------

I All tests conducted in the thermal block testing apparatus. (See fig. I.)
ISpecimens were wrotught metal unless the notation "cast" atppears.

Tes.t -il- 8otutions containing ammoniium nitrate' uith and wiqthout
other materials.-Laboratory tests were madle in solutions containing
ammoniumn nitrate at several temperatures. Some of the solutions
contained excess ammonia or calcium nitrate, and others, contained
compounds that had been added as corrosion inhlibitors. The am-
mnonium nitrate was mnade by the aminioniation of plant nitric acid.
The calcium, nitrate and the inhibitors, were C. P. chemicals. The
results of the tests, are given in table XIII. The methods used in
making the tests are indlicated in tile table.
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TABLE XIII.-Testa in solutions containing ammonium nitrate with and without

other materials

Corrosion rate expressed in mils penetration per year

A. I S.I, Tpe 04 sain

r ... . .

A..I. . L Tpe 416stai-

A. I. S. I. Type 4304 stain-
less steel------.......... 0 0........................

A. I. 8.1. Type 4305stain-

lessateel tested wIth

A .. .Type 410 stain-esste

A. I. S. I. Type 4016 stinm-
less steel----------------.........0..

A. I. S. . Type 02 stain-

less steel-------........ 0 0.... 0... ..10 .................... I

Aleu selnu~lu ............. welded withli: ....
TypeinHe 4 .0..t.ins se -

lesameteel----------------------138: :::-': ... o

Durtmet ~CC T ........ I ................ 
LA. 1.S. 1. Type 302 stain-

less steel --------------- 0 0-----------10 ---- ----------- ----- -------- ------- -----------
Alesmstnlu------------- ------ ------ 0------------ ------------------- ---------- ----------

alui n .---------- ------ ------ 0 .......................................

A.1.S.tro,grayp 416stai-------10

leissld r steel -------------- ------ ----- 0 - --- .... - ------- -------- ---------- ------ ......
les steel .--------------- -. ----- -------------1---0 - -..... ............

Aidte. 130 2S0 120 16 25 19 3
Mlds steel weddwith

Weldingerod--------- -- ------ --- 1-- 00------ -------- -----2 ---3 ------------- ----------

I Speenmena were wrought metal unless the notation "mast" sppears.
ATest was conducted in an open water-Jscketed beaker. The specimens moved at an average linear

velocity of 20 feet per second being alternately immersed in the corrodent and removed from it 28 times
per minute. Spins were immersed approximately one-third of the time.

lTesting apparatus shown in fig. 5.

' Testing apparatus shown in fig. I.

Test in copper ammonium acetate solut0on.-- A test of several metals

in copper ammonium acetate solution was made at 180- F. in plant

equipment (4,). The results are given in table XIV. The composi-
tion of the solution is shown in the table.

Tests in sol--ions of various compounds o--f- uorie.--T ests were made

in the thermal block testing apparatus in solutions containing various
ompounds of fluorine. C. P. chemicals were used in preparing the

solutions. The resugts are shownin "table XV.

Tetwa onute n noenwte-aceedbaer hesecmnsmvd tanaerg2lna



TABLE XIV.-Tests in Copper ammnoniumn acetate solution'1 at 1801 F.

Material tosted 3 xressed in

tion Peer You

A.1.S. 1.Type 501stailessasteel....------------.....
A. I. S. I.Type 502stainlgess e I awo------------------ ...---
Cast iron, gray (cast) ----------------------------------- 2
M ild steel-- -- - - -- - -- -- -- -- -- -- - -- -- -- -- - --- - - -- --

I Composition 0f solution: Orr Pse per liter
A cetic acdd - - -- -- -- - - --- - - -- -- - -- -- -- - -- -N H3- -- -- - --- -- -- -- - -- --- -- - - --- - --- -- --- - - -- - 154
C u p ri --- - -- -- -- - -- -- -- -- -- - --- - - --- - --- --- - -- - 27
Cupromis--------------------------------------------------------------------- 131

2 Tests made in the plant, without aeration.
I Specimens were wrought metal unless the notation "east" appeals.

TABLE XV.-Tests in solutions of various compounds of fluorine'I

Corrosion rate expressed in mils penetration per year

- n .n n a . 5. 5.k n
it 0 it 02 Sm

ýM Cqj !
0 Dr, r.; -Z i

Material tested' 2 k c: L; ~+

ZO 5.O

2 2 Z ;.. Z 0 0

A. 1. S. 1. Type 302 stainless
steel ------------------------- ------ ------------------------- ------ ------ ------ 160 --

A. 1. S. 1. Type 3D4 stainless
steel-------------------- ------ ------ ------ ------ 150.............................--------

A. 1. S. 1. Type 316 -tainless
steel-------------------01 140 0 ------ ------------701 8

A. 1. S. f. Tpe ; 41 sta --les
steel -- -------------------- 0 0 -- - - ---- - -- - -- -- - --- -- - --- --A. 1. g. 1. Type 430 stainless
steel -------------------- ------ ------ ------ 125 610 0.......................-- ---

,Aluminum.--.--------------- 0 0 --- 40 --- 72 ---------- ------ ------
Braws,red------------------- 1 0 210---- 49 ----- 16 --------------

Brss, yellow ---------------- 0 .7.....-...---.-----.------.-.---.----..-----.---......-
Bronze. leaded ---------- --------- ------------ ------ 31------ ------ ------3
Bronze, PhosphorD--..:--------- ------ -------- ----- 58------ ------ ------58.....
Cast iroun,gray (cast)-- ---- -- ----I------9------- ------ ------
Copper ------------------------------ ------ ------ --- ----------- ------ ------ 3 -----1

=asy-do-- ------------ -3 0------ ------ ------ -------- ------ 5W------ ------9 --
EvrulI-------- ------ ------ -------- 20------ ------ ------ ------

Hr.astelloy ------------------ ------- --- - ---- --- ni---------- ---------5i6
H sel------ ------ ------ ------ ------ -- ----- 54------ ------ ------3 --

------ --ea---- ------ --------------3 6 ------ ------ ------4 9.3 -
Mildstcemcl -------------- ------4 3--- Z 3 74----- 6 _ ----- ------ ------ 3450--- i
Mouds--------------------- -. 20 65 --- 72 ------------- ------ ------ 12 33
Nickel ------------------------ ------ ------ ------ --- ----------- ------ 16 --- 4 ----
-silver. lne ------- ------------ ------ ------ 15-----------------15-
sterilng sltver--------------------- ------------------------- ------ ------0.

I All tests were conducted in the thermal block testing apparatus. (See fig. 1.)
2 Specimens were wrought metal unless the notation "cast" appears.
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Tests in ma gnesiumn chloride solutiotis coNta~inin small amnoalts o~f
hydrochloric acid.-Tests were made in the thermal block testing
apparatus in magnesium chloridle solutions (14 percent) that con-
tainedl small amounts of hydrochloric acid. These Solutions were
similar to somec that were ob~tainedl in pilot-plant work '(2 ') onl the
production of magnesium from olivine. The res~ults are sIoIA-n ill

table 'XVI.

TA4BLE XVI.-Tests in Ynagnesiu rn chloride solutions containing smull amounts of
hydrochloric acid I

Corrosion raite exoressed in mils penetration per ye-ar

14 prcent 14 percent 14 percent
MaterialSLI tetd8g',sal gCI.+stnallI N1RC12+small it j-ri

Materal teted 2 amount of lt'l. amountofiiCI. amount of HCI \NL(--Inll
pH 3, at room p114ltro 1 5, at room ltI
temperature tepr tr mertu~re ,

without wihu without
aeration aeiin aeration Iae ration

A. i. s. i. 'ry %.3k3 stainle's steel. - - ----- 1!---- ----
A. 1. z.1. Type 34A stainless steel..................5
A. 1. S. 1. Ty-pe 329 stainless steel_...-..----.-.-..........----1.
A. 1.S. 1. TN-pe 410 stainless steel-- - ---- -- - ----- ----- - 4
A,. 1.S. 1. T;pe 430 stainless steel ---- :-I--------------- --- 3Ak. 1.S. 1. Type 446 stainlesasteel . ----- ----_----

iirass red .--------------- ----- ------------- ------ ý I-------- - Ii(
Brass, yellow...................................I- - .- .
C ast iron, gray (east)-- - - --- - - ---- -- I-- - - -- - - I-- - - _ _ - - _ 11
Es-erdur 1010 ------------------ "-- ------. ---------........ -----
NMoii tel-----------------------------
Super nickel......................---I----- .--.-----.-.---------..

IAll tests were conducted in the thermal block testing apparatus. (S;ee fig. 1.)
2 S:pecieneS were wrought metal unless the notation "east" appears.

Tests of Ceramic Materials

The results of tests m~ade by four of the methods usedh for evaluating
ceranmic materials are given in this report. Each of these mtethods is
outlined, and the basis for evaluating the results is explained in one
of thle following sections. The compositions anld physical properties
of the ceramnic materials used in the tests aire giveni in Index C.

Tests of Refraetories, Against Phosphates and Slags at Elevated
Temperatures in a Pot-Type Furnace

Tests of the resistance of rcfractories to the corrosion action of phos-
phates andl slags at elevated temperatulres were mnade in a pot-t~ype
furnace. Corrosives tested were molt en electric phosphate reduction
furnace slag, calcium metaphosphate, rock phosphate, anti basic
open-hearth slag.

Equipmnent and proce'lure.-- Four samples could be tested simnul-
taileotsly in the furnace, which buid a crucible that was 24 inches in
dhiame~ter anld 12 inches deep. As shown in figure 6, which is a cross-
sectional drawing of the furnace, antI in figure 7, which is a photograph
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that shows the top of the furnace with the lid raised, the test specimens
were suspended from the top by means of steel clamps; about 2 inches

of the specimens was imnersed in the molten corrosive. The furnace
was heated by burning either fuel oil or carbon monoxide gas in tuo
burner ports, tangential to the crucible anti opening into the crucible
above the pool of corrosive. Passage of the gaseous products of
combustion over the molten corrosive caused it to be agitated some-
what, depending on the type of fuel used and the viscosity of the
corrosive. However, agitation was not considered to be very signi-
ficant and was not measured in all the tests. The degree of agitation
is indicated by measurement made when using molten slag from
electric phosphate reduction furnaces as the corrosive. With oil as
fuel and a temperature of about 2,5000 F., the molten slag in the
crucible appeared to rotate at a speed of 6 revolutions per minute.
With carbon monoxide as fuel, under the same conditions, the rota-
tional speed was about 4 revolutions per minute.

The furnace temperature was controlled and recorded by means of

a potentiometer-type pyrometer. A calibrated platinum-plati-
num-10 percent rhodium thermocouple in i porcelain protection tube
was used to measure furnace temper't, 'e. This thermocouple was

guarded from fumes and slag attack hY a standard Carbofrax protec-
tion tube.

The corrosive was charged into the furnace and melted in such a
manner that contact of the cold unmnelted material with the test brick

was avoided. The lid and the space around each brick in the lid were
sealed, and gases leff the furnace through flues in the side of the

furnace. The heating schedule, the maximum temperature reached,
and the time at the maximum temperature varied for the different
corrosives tested. The bath level was maintained constant by addi-

tions of the corrosive during the testing period.

At the end of the test period the corrosive was tapped from the
furnace while the temperature was maintained at the maximum that
had been attained so that the molten corrosive would drain from the
specimens. The tapping period usually required 10 to 15 minutes.
and %A hen tapping was complete, the furnace was shut off and allowed
to cool for 12 to 24 hours.

The specimens then were detached from the clamps, and the

approximate average depth of penetration of corrosion and erosion
was determined. The measurements were taken at the surface of
the molten corrosive since in practically all cases the greatest amount
of penetration occurred at. this point. The depth determinations
were made by laying a straightedge along the face of the uncorroded
part of the test specimen so that it extended over the corroded section
and then measuring the distance from the straightedge to the surface
that had been attacked by the corrosive.
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R~es ult.q.-Evaluatioins of the tests of ceranitie mal ertails welt made
onl the basis of the approximate avera~ge depth of penetration of
corrosion and erosion for two or more specimlens In tile tables that
IoIloNv, tbe brIk are arranged in the order of ii creasing depths o,
penetration. In several cabes, evaluation on this basis c-ould not be
folloxed because the test brick absorbed slag, expanded, or crao~ked
to such an extent that they were considered unsatisfactory for use in
refractory structures. The method of evaluation used here is sonie-
what diflerent from that described in other articles (5, 6) concerning
this work, but the conclusions reached are essen tially identical, and
it is believed that dte present method is the more reliable.

The results of tests of the corrosiveness of elect ric.-f urnace slag,
calcium metaphosphate, fused rock phosphate, and basic open-hearth
slag are presented, respectively, in tables XVII, XVIII, XIX, and XX.
Photographs of sonme of the exposed test brick are shown in figure 8
through 11.

TABLE XVII.-Results of tests in molten slag I from electric phosphate reduction
furnace

tWaximum temperature. 2,6500 F.] 3

Material tested-brick Maxiuic Remark

Calcium oxide--chromium oxidc-7?ir 0 to 3i6 ----------- Sideg smooth, absorbed slag.
conium oxide.4 3

Calcium oxide-cbromium oxide 5 6 ~ i---------S0t i .. ides smooth, attacked at flux line only,
ahsorhed slug.

Fused east (approximately o0 percent ýio----- I--------- Sides smooth. attacked at flux line only, tto
AIO3i. slag absorbed.

Fused cast (approximately 90 percent ý.6 to ýits---- ------ Sides smooth, no slag absorbed, some pipes
A1203). Jin the test bricks were exposed by the

attack of the slag.
Zircon---------------tt Sides smooth.
F~lectroea.st (approximately 75 percent (i to ---------- Sides smooth, somte pipes in test bricks

AIO,,. were exposed by, the attack of the slag.
Aluminous (approximately 70 percent ýi to ¶j6 ----- Jsides rough.

A1203).-
Aluminous (approximately 90 percent )i to ý,Ž- - Sides very rough

Aluminous (approximately 50 percent aik to t i-----------iesmofwcareginpotun.

Zirecon-silicon carbide------------------ 3it to I~id-----Sides smooth, bottom end rough.
super duty fireclay--------------------~s, ý%t ji----------- Sides smsooth.
Forsterite-chrome.---------------------l-4 to 54-----------Sides smooth. honeycomsbed,labsorbed sl-ag.
Fused mast (approximately 50 percent I ý, 16to is-----Sides rough, badly honeycombed, absorbed

M. go).- slag.
.i3~--------------- _~ to 7 ti Sides smooth, till specintens honeycombod

I on bottom.
Calcium oxide-zirconium oxide 47 t--- ie to t,----------Sides rough, absorbed slag.
Chrme------------------------------- 4i to -4 ----- Sides rough, slight bloating, checkedl.
Chrome-Magnesia.--------------------. ý to -ý------Sides rough, honeycombed, absorbed slag.
Aluminouts (approximately 60O percenit to to 'ý---Sides smootht, one specimen absorbed slag

AlsO,). iexcessiv-ely, the other shrank slightly astd

bio th ha a fe rough spots.
Forsterite --------- ------------- , 10------------Sie sothneycombed, absorbed slag

i'sagnesite---------- ------ --------------- Ctof-------- --- -Sides smooth, bloated above flux line,
I softened.

Chemical analysis: 8i02, 369.5 percent; CaO, 48.2 percent; P203, 0.9 percent; A12 03, 10 percent; Fe2Os, 0.3
rerreent: SfgO. 0.2 lrerent; an(,l .2.6 Percent.

2 Furnace with sotneslag heated ,,., 750 to 9W0 F. in 9 hours. and the temperature wa's raised to 2.000* to
2.2000F. ingbours. Rtemainder of slag was ch-trgedlasd the furnsae ehr.teJ to 2.fiMt F. in 2 houtrs. Furnace
heldl at this tempgrature for 2 hours.

3The brick are arranged it, the ordler of deptb ot penetration except when the lest bricks absorbeft slag,
expandled, or crackedl to ouch an extent that they would be unsatisfacto~ry for use in refractory structures.

,U. SN. Patent 2.2M1,944, Feb. 1S, 1941.
'Test bricks were fabricated in the laboratory by the dlry press process. They were pressied at 570to 470

pounds per square inch and fired to I.5000 C.
6 U. S. Patentt2,231,024, Feb. 11, 1941.
? U. S. Patent 2,231,94S, Feb. 1.4, 1941.
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TADBLE XVIII.-Results of tests in molten calciu~m metaphosphateI

[Mfaximum temperature. 2,37.5o F.1j

Material tested-brick Maximum pene-Rirs
raioni (inceNs)

-n ---- --------------- - ýiito1, I.. .... Sides smooth, medium to very fine, honey-
combing on bottom, expanded very
slight ly.

*.sed cast (approximately 910 percent ý.i to i4----- Sides smooth, medium honeycombing on
.10200. bottom.

Uow duty fireclay------------- to !i ---------- Sides smooth, fine honeycombing on bot-
tomn, expanded slightly.

Glass retractory ----------- ------------ Ixto ý32---------- Sides moderately smooth, fine honeycomb-
ing on bottom.

Super duty fireclay -- ----------- ------ isto `u----------Sides rough, coarse-to-coarse intercornnect-
log honeyoombing on bottom with coarse
protruding particleson sides and bottom.

Hligh duty fireclay----------------------- %to 5 ii;....------ Sides smooth to rough, line-to-coarse inter-
connecting honeycombing on bottom.Fused cast (approximately 70 tpercent *tiis to ii---------- Sides smooth, coarse honteycombing on

A1203). bottom.
FElectrocast containing zircon ------------ ¼j---------------Sides smooth, coarse hotteycombing on

bottom.
Electrocast (approximately 75 percent " to `is;---------- Sides smooth, coarse hotteycombiog on

A12O3). bottom.
Aluminous (approximately 60 percent ¼i to ýiis-----------Sides moderately smooth to rotugh, coa rse

A4t03). honeycombing on bottom, one specimen
had coarse Protruding pairticles on sides
and bottom.

Zircon-silicon carbide------------------ 
t

io to V --------- Sides rough, fine honeycombingo 00 ottotit,
coarse protruding particles on sides and
bottom.

Fused cast (approximately 50 percent------------------__Enti corroded off after IS hours of test.
Vigo).

I Chemical analysis: SiO2, 3.3 to 4.6 percent: CaO, 24 to 261.9 percent; P250, 66.2 to 67.5 p~ercettt; AIý,03 , 1.5
to 2 percent; Fe203, 1.7 to 1.11 percent: and F, 0.34s to 0.50 percent.

2Furnace with some calcium metaphosphate heated to 1,0900 F. in 4 hours. Remainder of c-3ciunts oeta-
phosphate was charged and furtnace heated to 2,375' F. in 2 hours. Furnace held at this tenmperature for
66 hours.

3 Brick are arranged in the order of depsth of pienet ration.

Tests of Refractories Against Pellets of Phosphates and of Lime

Equipment and procedure.-Tests to determine the resistance of
various refractory materials to phosphates and lime at elevated tenm-
peratures were made by the procedlure of Hugill, Ainsworth, and Green
(3) for dletermination of the corrosive action of lime on aluminous
fireclay and silica brick. The corrosives were prepared by fine
grinding and then forming into cylindrical pellets, approximately
1%~ inches in diameter, at 3,000 pounds per square inch pressure.
A pellet was placed on the surface of the brick being tested, and tile
brick and pellet were heated to test temperature (2,650' or 2,825'
F.) in an electric furnace in 21 to 22 hours, held at- this temperature
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TASLE XIX.-Reaula of tests in molten rock phosphate I

[Maximum temperature 2,825' F. I

Material tested-brick rin esRemarks

Calcium oxide--Cbrominm oxide--zi- ý to 3ie ---------- Sides smooth, absorbed melt, slight ex-
oonitm oxide.

4 
3 pansion.

Fused cast (approximately 70 percent 56 to %. ----------- Sides smooth, some pipes in the test bricks
AhOs). were exposed by the attack of the phos-

phate.Electrocast containing zircon ------------ to - -----------. . Do.

Electrocast (approximately 75 peroent 51 to 4, ------------ Do.
AhO).

Fused mast (approximately 90 percent .---------------- Do.AlsO3 ).
Silica -------------------------- ------ 4•to . .----------- Sides smooth, absorbed melt.
Calcium oxide-chromium oxide "---- . i .---------------- Sides smooth, absorbed melt, slight ex-

pansion.
Chrome-Magnesia -----------------------. ;a to 54 ---------- Sides smooth, cracked on cooling, absorbedmelt and expanded.
Calcium oxide-tirconium oxide A 7I ----- 4 to .----.------ Sides smooth, absorbed melt, cracked oncooling and expanded.
Magnesite ----- . ...----------------------. . to 1 ------------- Sides smooth, both specimens deformed,

absorbed melt, cracked, end dropped off
of I after 4 hours at maximum tempera-

ture.
Zircon ---------.------------------- i4 to 1 -------.----- Sides smooth, I specimen expanded and

absorbed melt, the other expanded
slightly and the end was corroded off.

Aluminous (approximately 50 percent 1ý4 ------------ Sides rough, test ends corroded off, ab-
AlsOs). sorbed melt.

Aluminous (approximately 60 percent 4, to 1N --------- Do.
A120).

Aluminous (approximately 90 percent -------------------- Pulled apart above flux line after 4 hours.
A13O0).

Super duty fireclay ---------------------. 5 to 14 ----------- Sides rough, all specimens expanded, test
ends corroded off of 2, the others ab-
sorbed some slag.

Fused cast (approximately S0 percent 14 ---------------- Sides smooth, test end corroded off.
MgO).

High duty fireclay ----------------------- 1 tot I4 .------------ Sides smooth, all specimens were bloated
and test ends were corroded off.

Zircon-silion carbide ------------------ I.t 4 .-------.-------- Sides rough, test ends corroded off.
Chrome --------------------------------- ----- Ali specimens deformed, cracked, absorbed

melt, and ends dropped off, I after 3ý§
hours and the other after 64 hours of
test.

I Chemical analysis: SiO2, 19.1 percent; CaO, 42.5 percent; P2Os, 3023 percent; Al1Os, 4.1 percent; Fe:Oj,
3.8 percent; F, 0.66 percent; and MgO, trace.

I Furnace with some rock phosphate heated to 5750 to 750* F. in 8 hours, ard the temperature was raised
to 2,0000 to 2,200W F. in the next 8 hours. Remainder of phosphate was charged and furnace heated to
2,825- F. in 2 hours. Furnace held at this temperature for 8 hours.

a The brick are arranged in the order of depth of penetration except when the test bricks absorbed slag,
expanded or cracked to such an extent that they would be unsatisfactory for use in refractory structures.

4 U. S. Patent 2,231,944, Feb. 18,1941.
5 Test bricks were fabricated in the laboratory by the dry piess process. They were pressed at 370 to 470

pounds per square inch and fired to 1,5000 C.
IU. S. Patent 2,231,024, Feb. II, 1941.
SU. S. Patent 2,2M1,945, Feb. 18,1941.

for 2 hours, and then allowed to cool in the furnace for 18 hours
before being removed for examination. To facilitate examination,
the specimens were cut vertically through the center of the reacted
zone with a silicon carbide saw. The depths of corrosion and of pene-
tration were measured on the cut specimens. Depth of corrosion
was taken as the distance from the original top surface to the bottom

of the cavity caused by corrosion (C in fig. 12); depth of penetration
was taken as the distance from the original top surface to the dis-
cernible limit of penetration of the fluid materials into the test brick
(P in fig. 12). The electric furnace used in these tests had a firing
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TABLE XX.-Results of tests in basic open-hearth molten slag I

[Maximum temperature, 2,8250 F.] 2

Material tested-brick Maximum nemarks
tration (ince. )

Fused cast (approximately 70 percent ýit to ýie ---------- Sides smooth, abw)rbed small amount of
Ah3O). slag.

Magnesia-Chrome ----------------------- i to I ------- Sides rough, absorbed slag, expanded above
flux line, tended to pull.

Fused cat (approximately 90 percent i to 3s--------- Sides smooth, no slag absorhed.
AhsOs).

Calcium oxide-chromium oxide 4 3 .... Not measurable. -- Sides smooth. absorbed slag, I brick crackedon cooling 30 days after testing, the other
had swelled and cracked.

Calcium oxide--chromium oxide--sir- ýfe to i - -......... Sides rough, absorbed slag, bloated slightly
conium oxide." 4 above flux line.

Chrome....----------------.------------- o. to 1 .... Sides rough, I specimen absorbed slag, ex.
pnmded, cracked, and elongated above
ux line and broke off during cooling, 2

other specimens cut off at the flux line
30 minutes after start 9f test and spelled,
cracked, and elongated above flux line.

Super duty fireclay ------------------------------.--------- Faces rough, corroded off at flux line.
ChromeýMagnesia ------------------------------------------- Faces rough, corroded off at flux line,

pulled off above flux line during tap,
softened.

Forsterite-Chrome ----------------------.--------- Faces rough, corroded off at flux line 30
minutes after test started, softened.
cracked, and elongated.Aluminous (approximately 60 peereent ................... Faces rough, corroded off at flux tine, I

A1O2). brick cracked off above flux line after go
minutes of test.

Aluminous (approximately 90 percent -----------.---- Faces rough, corroded off at flux line.AhO,3).
Forsterite ------------------------------- Faces rough, corroded off at flux line 30

minutes after test started, softened,
cracked, and elongated above flux line.

Magnesite --------------. . ..------------.---.---------- All specimens spalled, I before test started.
Calcium oxide-zirconium oxide' 7 ....... Test end of brick cracked off and dissolved

in slag.

I Chemical analysis: PrOs, 11.6 percent; CaO, 39.3 percent; tiO,, 19.1 percent; Fe2Os, 18.1 percent; AIO,
2.4 percent; CriOs, 1.4 percent; MnO, 2.8 percent; M9O, 5.2 percent; and F. 0.1 percent.

2 Furnace with some slag heated to 2,00V to 2,00' F. in 16 hours. Remainderot slag charged and furnace
heated to 2,825* F. in 2 hours. Furnace held at this temperature for 2 hours.

s The brick are arranged in the order of depth cf penetration except when the test bricks absorbed slag,
expanded, or cracked to such an extent that they would be unsatisfactory ter use in refractory structures.

' Test bricks were fabricated in the laboratory by the dry-press process. They were pressed at 370 to
470 pounds per square inch and fired to 1,S00 C.

* U. S. Patent 2,231.024, Feb. 11, 1941.' U. S. Patent 2,231,944. Feb. 18, 1941.U. S. Patent 2,231.945, Feb. 1. 1941.

chamber approximately 12 inches wide by 20 inches deep by 16 inches
high and was heated by means of six water-cooled Globar elements,
each rated at 90 volts and 78.5 amperes, which were 24 inches long
by 1 inch in diameter. A platinum-platinum-10 percent rhodium
thermocouple in a porcelain protection tube was located centrally
in the back of the firing chamber.

Results.-Results of tests of the resistance of refractory materials
to lime are shown in table XXI and figure 13. Figure 13 shows the
test bricks cut vertically through the centers of the areas attacked.
The aluminous brick (60 and 70 percent A12 03) were not damaged by
the phosphate pellets, and the photograph shows these pellets moved
back from their original position. With the other brick, the lime
pellets were fluxed.
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TABLE XXl.-Results of tests of refractories against pelleis of hime I

[Maximum temperature, 2,&iW .1.2

Arbitrary index

Nfateri tested .brick D)epith (f eorrosion|, C" D Iepth of liei.-mra nit., of merit
(inches) P (inch-, P .-

Aluminous (approximately 70 percent 0,' 0- -................-
A30hO)

Aluminous (appro•.uiately CA) percent 0 - - - ------------Ah03)

super duty nreclay ----. ----.---- 0 . .. .. t
11 igh dutý• fireclAy.. . . . . . 0 .... ] 1 to 4,, ...... . ..

iw duty f .reclay ---------------. --------- d -- - - i l -'io.. 0.5

C Chemical tua•alys'L taO, W.45 per•ent; Miel), 1.7 percent; SiO:, 1.5 percent; t.e(13t 0.2 lecerhlt; S. 0.05
percent; P20,. 0t02 itu-rcent; F, IOAS percent.

2 Furnace ad specinhens heated to 2,1W501 F. in 21 to 22 hours and held at that temtiperature for 2 hours.

Table XXII shows the results of tests with Florida pebble phos-
phate and TennesI e brown rock phosphate as corrosives. Some of
the exposed test specimens are shown in figures 14, 15, and 16.
Before taking the photographs, the glassy products of reaction were
removed from the top of the brick. No pellets are shown; where
the depth of corrosion was great, the pellets were fused partially or
completely.

In evaluating the test brick, an arbitrary index of merit was used.
This index was taken as the reciprocal of the product of the depth
of corrosion and the depth of penetration. It was devised as a single
standard by which the refractories could be compared, though its
applicability has not been established by service tests. Again, this
method of evaluation is somewhat different from that used in another
article (7) describing some of this work. The change in evaluation
procedure was made to provide a single standard for comparison.

ZONE OF PENETRATION
ZONE OF CORROSION

UNATTACKED ZONE

Figure 12.-Diagralm of test brick after exposure to pellet of corrosive.
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ALUMINOUS ALUMINOUS
(APPROX. 70% A12 0 3 ) (APPROX. 60% A12 0 3 )

SUPER DUTY FIRECLAY HIGH DUTY FIRECLAY

LOW DUTY FIRECLAY
Figure 13.-Sectional view of bricks after exposure to pellets of lime.
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SILICA SUPER DUTY FIRECLAY9
COATED WITH HIGH-

TEMPERATURE CHROME
MORTAR

CHROME-MAGNESIA ALUMINOUS
(APPROX.60% A12 0 3 )

HIGH DUTY FIRECLAY
Figure 14.-Sectional view of bricks after exposure to pellets of Florida

phesphate at 1,450' C. (2,6420 F.).

Pwoduct. of reaction were removed from the zone of corrosion.

43



7,-

CHROME-MAGNESIA HIGH DUTY FI RECL AY

SILICA SUPER DUTY FIRECLAY,
COATED WITH HIGH-TEMPERATURE CHROME

MORTAR

ALUMINOUS
(APPROX. 80% AIOs)

Figure 15 .- Sectional view of bricks after exposure to pellets of Florida
phosphate at 1,5500 C. (2,8220 F.).

Pioducts of reaction were removed from the xone of conrowion.
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SILICA CHROME

ft -

CHROME- MAGNESIA ALUMINOUS
(APPROX. 70% A12 03 )

SUPER DUTY FIRECLAY
COATED WITH HIGH-TEMPERATURE

AIR-SETTING MORTAR
Figure 16.-Sectional view of bricks after exposure to pellets of Tennessee

phosphate at 1,450' C. (2,642' F.).

Product. of reaction were removed from the mone of corrodion.
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Tests of Ceramici Materials in Strong Phosphoric Acid

Equipinent umul procttlure.~-'1ests of tite revistan~ck of bi-ick uuid~
ceratnic. tower packing inaterials to strong pbosphoric acid(I1
percent H 3 P0 4 ) were carriedl out in the ceramic-lined tank (fig.
described under "Tests of Nletais.'' Before exposing the )&'('ikiIi''

to the corrosive, they were dried and coated with a thin. iluperviou>
coating of paraffin, after which their volumes were determineld liv,
water displacement through use of an overflow voluiiieter. Volumeit
(Ilet erilinat ions also were madle after completion of the tests. TFilt
strong acidl used in the tests was made by concentrating plant pkioý-
phlori acid and thenl fortifying it withI phlosphorus pentoxidte T I
acid temperature was manintained in the range 480' to 4903 F. .N~fpc

nien brick were held by stainless steel elam11ps onl tile, rotnt iil sibafl
so that hmalf of t heir length was nimmersed nl tble acid. Packingrimg
were suspended from the shafts so that thley were colriJpletclY iOlltlier-Set
in the acid.

The tests were of 21 (lays' dluration. For the first 16 itays the
specimens were rotated in thle acidl continuously. During, each 'of tlie
last 5 (lays the specimens wvere raised out of tilie acid for I hour, han-
mersedl and allowed to rotate for 2k2,' hours, raisedl out r4f time acid for-
1 hour, immersedl and allowed to rotate for 2ý2' hours, raisedl a thmirdl tinwi
for I hour, and imnmersedl aild rotated for 16 hours. At the endl of the
21 days the specimens were allowed to drain and cool over thme bath,
after which they were immersedl in waiter for 96 hours to renmove sonice
of the acid that had been absorbed, dlrainedl again, dIriedl. and coaited
with paraffin for volume determination. The purl)ose of raising and
lowering the specimens was to determine whietlher they woild be
affected fly the thermal shock incurred by this trleatmuent.

Niost of the specimenis were rotated at 14 revolutions, per minute,
but some weie~ tulrned tit 30 revolutions per minute to determine whet il-
er the increased rate of rotation would have a marked effect on thle
rate of corrosion. In some of the tests movement of the specimenIls
was the only means of agitation, but in others a Lighitnin mixer was
usedl to providle add~itionlal agitation. In neither case was thle velocity
of the acidl at the surface of the ceramic specimens dleterminuled.

Result's.-The results of the tests are given in table XXIII. Speci-
mens, were evaluiatedl on the basis of volume loss excep~t whien they
spattled or cracked. The materials that failed in these ways.- were
considleredl unsuitable for servi'e tinder the condhitions of thme test.
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Table XXIII.-Residt, of tests in strong phosphoric acid'

Voiltto los..- (percent)

SSpcei- Ispeci- Sipecq-
Mateial ~std--hiek i mls m rens, mens

Material lested-brick rotated at rotated at rotated at Remnarks
14r. p. m.,310r .Mn,14r.p.mt
low-bath I low-bath high-bath
agitation I agitation agitation

rate rate2 rate

(;raphite----- -- +1.0 . +1.0 No visible attack, inereased itt size during
test.

Carbon-------------------------------- -. 3 No %-isihe attack.
Red shale. Ragland. Ala - ---. 3 D... Io.
Red shale. Ragland, Ala ----.--.---------.----- t 18 Surface rough and pitted, origital skin

removed by acid.
Red shale, Daisy, Tenn .---- --- -----.--.--- --- 1.8 Brick (rackeýd, surface rough and pitted,

acid removed original skin.
Zircon --- ------------------- -- :1------------ - No visible attack.
High duty fireclay- .-... 1.4 ....... ...- Slight attack.
Super dtoy fireclay - .2 ------ -------- Slight attack, swelled slightly, started

to crack.
Aeid-resistant fireclay. Des- 2.3 4.2 - - Surface rough, acid removed original skin.

s.enter. Ala, .
Aluntinous (approximately 1.4 ------ - - Slight attack, but a thit layer was starting

N:- perctnt A1O20. to come off, cracked after exposure on
- I being leached to remove acid.

Silica .Shattered on being raised out of bath, final
o rvolume could not be determined.

Alurinous (approximatel, -- ....... ...... ---- - - - Shattered on being raised and lowered into
to percent AlO2 ). the hot acid, fitnal volulnc could tiot

be determined.
Soapstone -----.--------- ------- . Badly attacked, aeMd leached out iron oxide

P i forming fissures.
Paqckingt material '

Carbon ... I- No visible attack.
lied shale, Ragland. Ala --- .... 2. 8 Rough surface after teSt.
Red shale, Iaisy, Tenn n. ) Volume losses high as ritng slpalhcd somte-

I ime during test ing period, rough surface-
after test.

Zireon potcelain .-- .-- ---------- . ..0 . . . Surface smoeth.
Do -------- -- - 2.2 Ring eracked and spahled very slightly

sometimne during testing period, surface
smooth.

Chemical porcelain ....... .5.5 1.7 Surface rough.
Chemical stoneware ....... 11.0 . 4.1 D)o.
Pyrex glass -------------- 49.2 - ---- ----- Surface smnootth.

I Acid concentration, alptproxitnately t17 1trtent 11t11'O; acid tetnltrattntr. 4S}c to 4!*)° F.
2 -•"- ttteants itt intit•ýse itt voluine.

Tests of Acid-Resistant Ceramic Materials in Boiling
Phosphoric and Nitric Acids

Equipment and procedure.--Pieces of brick were tested for resistance
to boiling phosphoric and nitric aeids by a modification of a procodure
outlined by IFairlie (1). The test materials were equiaxial pieces,
tilnus 2 phus 3 mesh (Tyler sieve numbers, 0.437- and 0.263-inch
otpenings), that were obtained by crushing and screening the brick to
be tested.

After being washed and then dried at 2120 F., 50-gram ll)hS1i l's of
the sized materials were placed in 1,000-milliliter flasks with 250
milliliters of 58' B. C. P. phosphoric acid (80 percent 11t P( 4) or 350
B. C. P. nitric acid (50 percent ItN03). The flasks were provided
with water-cooled reflux condensers fitted with ground-glass joints.
The acids in the flasks were boiled continuously for 48 hours, and at.
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thle end of this timie the solids were allowed to settle. The clear acid
was removed by decantation and that, remaining with thle solids wits

removed by washing in. boiling water and removing the clear Witter

extract by dlecantation. The water extraction. was repeatedl until the
pH of the decanted washings was approximately 7. The solids wvere
predlried at 212' F. and then dried to constant weight at 4800 F. The

loss in weight of the solids wvas determined. Absorption wvas dtec,-
miuined on specimens according to the test procedure outlined by
A. S. T. M. Designation C67.

fle-qlts.-JIn the selection of brick for general use in the( TVA plant,
the brick tested were evaluatedl on the basis of wei~ght loss in boiling
phosphoric acid, which wits considerably greater thani the, weight loss

of the same materials in boiling nitric acid. The results of tests in

bo0th acids are shown in table XXIV, together with absorption test
dlata, Brick showing less than 4 percent weight loss in, phosphoric
acid were considered acceptable for use in tile TVA plant. This

criterion has provedl to be sati~factory. Weight losses of red shale

brick in both acids are roughly orrelative wvith absorption; thle losses

increase as ab~sorption increases. Therefore, absorption is a reason-

ably good measure of the quality of these brick for use in. contact -with

acids5. The dlata on the fireclay acidl-resistant blrick are not sufficienIt

to p~ermlit correlation.

Tumi.E, N NIV.-Resu/Is of fiss t ' rf e ra,,,ic mtinerials in boiling phosp~horic twid and
in Imilin q o ric ucrid

Weight loss Weight loss Ahsorltfion
Material tte4o-- herik it I1.~1't ), in uN 

0
'O~

(prerent) (I rceflt) (1ree

lIed shale, Raglandl, Ala--------------------------

14 1.2 3

Red shale, Etssley, Ala-------------------------------4 2 :

Rled shale, Plainiville. Ga-----------------------------
Red1 shale, Chat tan..oga, Te~nn --- ------------ - ---- 80-------------- f.
Avid-resistaflt threelay, Bleech ('rek. Pa ..- . 2.14 .13 .

A idf-re-sistant (Irvelay, Blessemner, Ala . - ------- 3:.

I. C '. A) Irrevnt phosphorie acid (h. p,2FtO F.).
C1* 50,~ jercertt nttric acid h1. p.., 2110 F.).
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"Corrosion of \Metals in the Manufacture of Phosphoric Acid by
Electric Furnace Process," Charles E. Hartford and R. L. Copson.
Ind. Eng. Chem. 31, 1123-28. September 1939.

"Laboratory Corrosion Tests of Rotary Lime Kiln Rtfractories,"
G. R. Pole and A. W. Beinlich. J. Am. Ceram. Soc. 28, 357-60.
December 1, 1945.

"New Refractory Compositions Resistant to Molten Rock Phos-
phate," G. R. Pole and A. W. Beinlieh. J. Am. Ceram. soc. 2.6, 21-37.
January 1943.

"Nomograph for Calculation of Corrosion Rates," L. D. Yates and
E. P. Tait. Metal Progress/42, 1059. December 1942.

"Testing Refractories Against the Corrosive Action of Electric
Furnace Phosphate 'lags," G. R. Pole and D. G. Moore. J. Am.
Ceram. Soc. 19, 259-70. October 1936.

"Testing Refractories Against Molten Calcium Metaphosphate,"
G. R. Pole and A. W. Beinlich. Bull. Am. Ceram. Soc. 20, 229-37.
July 1941.
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Index of ,naterials, compositions, and lables

Material tested Approximlate hehmical comenlsition of Tables iil whh'h resolt' of
material (percent) tests of material appear

A.d1n1iralty . . 0.064 nmaximun Fe, 0.07 maximum iPh, 0.9 1, V, VI
minimunm Sn, 70 minimum Cu, balance
Z..

Admian-. -.. -.. ....... 54-M Cu, 44-46 NI ......... V. VI X.
A I. s. I. Tylp, 3442 stainless 0.08--0.20 C, 2.00 maximum Mn, 1Loo maxi- V, V 1I, X V.

srtel. mum Si, 0.04 maximum P, oa0 maxi-
mum S, 17-19 Cr, 8-10 Ni.

A. 1. S. VII.yle302+Mo weld- - Iv, v, vi.
ing rol.

A. I. S. I. 'l'yie :4rl stainless 0.15 maximum C, 2.00 maximum %In, 1.00 V, VI, XVI.
Steel, Imaximum Si, 0.07 minimum P, S, or Se.

17-19 Cr, 8-10 Ni, 0.06 maximum Mto or
Zr.

A. I. s. I. rvlx. :04 stainless 0.08 maximum C, 2.00 maximum bin, 1.00 1, V. Vi, VII. X. XT, XII,
steel. max.imum Si, 0.01 maximum 11, 0.414 XIII, Xv, Xvi.

maximum S, 18-2N) Cr, 8-Il Ni.
A. 1. S. 1. Type 34)0 stainless 0.20) Taximurm C, 2.00 maximum Mn, 1.00 1, IV, V, VI, XII.

steel, maximum si, I4T.0 maximum P, (4.03
maximum 8, 22-24 Cr, 12-i5 Ni.

A. 1. R. 1. Type .TY9 stainless. -................................... IT.
steel welding rod.

A. I. 8. I. Type 310 stainless o(.25 maximum C, 2.00 maximum Mn, 1.50 IV.
steel. mtaximnum nSi, 44.04 maxinulln S, 24-26) Cr,

14-22 Ni.
A. I. S. 1. Type 3146 stainless 44.144 maximum C, 2.00 maximum Min. 1.00 '4 , II, III. IV. V. VI, Vii. IX,

steel. I maximum Si. 41.04 maximum P, 0.03 X, Xi, Xii, NIV, XV.
maximumnS. 16-18 Cr, 10-14 Ni, 2.00-3.044
Mo.

A. I. z4. I. l'y1p, 3l6+Cb stain- 44.10 maximum C, 2.00 maximum Min, 1.00 1 I.
less steel. , maximum Si. 0.04, maximum P, O4.03

maximum 8, 16-18 Cr. 10-14 maximum
N1, 2.00-3.00 Mo (10 x C) Cb.

.A. I. S. I. Type 316 stainless s............................. V. Vt. I, NIT.
stemel welding rod.

A. I S. T. pe 4:i16+Ch stain- ...................................... V, V, I.
less steel welding rod.

A. 1. S. I. T'pi' 317 stainless 0.10 maximum C, 2.00 maximum Mn, 1.00 IV. VI.
st'e.l. maximum Si, 0,04 maximum P, 0.03

maximumm S. 19-20 Cr. 11-14 Ni,.3-4 i-t.,.
A. I. S 1. .Type 320 stainless4 0.12 maximum C, 0.7 Mln, 0.75 Si, 17 mini-X V, VI.

steel. mum Cr, 7 minimum Ni (5.5 x C)
mininmum Ti, balance Fe.

A. I. S4. I. Type 321 stainless (0.08 maximum C, 2.00 maximumN Mn, 1.40 V.
steel. nmaximum Sii. 44.4 maximum P, 04.0341 maximum S. 47-19 Cr. 8-Il Ni (5 x C)

minimum Ti.
A. I. S. I. Tyl4e 32: stainliss 04.140 maximum C, 25-30 Cr, 3-5 Ni. 1-1.5 1, V, VI, VII. XVI.

steel. NI a.
A. I. SN. I. T'y1w 347 stainless 04.408 maximum C, 2.00 maximum Mn, 1.00 - I, IV, X, XII.

steel, maximum Si. 04.444 maximumn 1., 44.4(
maximum R, 17-19 Cr. 9-12 Ni (10 x C)
minimuml Cb.

A. 1. 1S. . 'i 317+C weld- i C C---..................................... NII.ing rod.
A. I. S. I. Trype 4445 stainless 44.M8 maximum C, 1.00 maximum Mn, 1.0014 XIII.

steel. Imaximunm Si, 0.(4M maximum P, 44.03
maximum S. 44.5-13..5 Cr, 0.1"-0.30 Al.

A. ti. S. 1. Type 440 stainless 40.15 maximum C, 1.004 maximum Mn, 4.08 1, 11. XIII, XV, XVI.
steel. manximum Si, 41.044 maximum P. 0.03

maximum S1, 11.5-13.5 Cr.
A. 1. S. 1. Type 416 stainless 0.15 omaximum ,. 1.25 nmaximum Mn. 1.00 II, X1iI.

steel, maximum Si, 0.07 minimum n , , or S`4,
12-14 Cr, 0.44) maximum '%o or Zr.

A I. s. I. Type 4344 stainless 44.12 maximum C, 1.00 4maximum Min, 1.00 1, I. V. VI, VII. VIII, X,
steel. maximum Si. 0.14 maximum 1), 0.03 N XII, XIII, XV, XVI.

mlaximunm S, 14-18 Cr.
A . 1. S. 1. T yle 4430 stainless - ....... ... .... ..... ........ l,.XI 11.

steel welning rod.
A. 1. S. 1. Type 446 stainless 0.315 mtaximum C, 1.00 maximum MIn, 1.00 I, IV, V, VI, VII. XII, XVI.

sleel. maximum Si, ((.444 maximum P, 0.03
imaximum nS, 2M-27 Cr, 0.25 maximum N.

A. 1. S. 1. Type 501 stainless (over) 0.10 C, 1.00 maximum Mn. 1.0444 1, II. VIII. XII. XIII, XIV.
steel. 1 maximum Si. 0.04 maximutn P, 0.03

Itmaximum 8, 4-4 Cr.
A. I. S. I. Tylpe 502 stainless j 0.144 maximum C, 1.00 maximum Mn, 1.00 1, X. XIII, XIV.

steel. maximum Si, 0.04 maximum P1, O.4(4
maximum $, 4-4, Cr.

Ahllgheny 55 (east) ......... 0.35 maximtm C, I maximum Mn, 23-30 V V, VI.
Cr, 0.6 maximum Ni. 44.6 maximum Si.
balance Fe.
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Index B-Metals-Continued
Intdex of nutteri als, c'tmposilion, anti tables ( onttinutiel

Alitfiriil halt, \ttttac centival ettinti jisitit tio .11 ill whic-h r.',tis ,tt

Alitmiftuti .- rit Al X11 XIII, X%.
A Itinitit[ittt wt'ildin ro NIl, N1l!.
A toh,'w A----------20tM. 5 ;,[1.75 01Nit
A AISCi) F-.3 (cast) ('-2I, 1'r 3t Ni, balance Ft V. V -.
Anti-ni i-otti(al 0 7rs--- ---- ('i. Iii Sri. If, Pit .-
A -. '. I. Deisiplitalijt: it.t7 Ittajiiniut C. 1.0 tm naximumti Mil, 2.01 N _if

A19 3!1f.. grzvlt'- ca. A inn'.illttitfi. 11. 5 timxii tatnin I', 0i05

A. .1. '1'. Ml. iii',igiiajtil 0.2it) l tolitnotni C, 2.m tn it tifittti Ali. 201it1 NIL

itt ~ioimoiti S, )Pt Cr. 19 ?2' Ni.
Berylliumti coix-tt r 2.30 111% Iii ity Cu ti V. VLI
Brass, hivt--------- 65 (it. :i. 

7
t oir (CqAAh Cu, 2.25-3-25 Pit, 1. VL. \ l.

Brass. rct S-----------t t11 Is/i -u ---- --... .ifIf. Iv . vr,51V5If. IN.
I . NI. NV1 , X VI.

Brass. vVcltw 60 -5-7to (-i, 27-40 Ztt Si litI I'l 
0
-1 -11 VIII. N%'. X\ I.

litinit. :do"I nt[illtti-------- Cu it Ali - IVL. V. VLI,
Brlirsrzi. toittitnireal (cast, inl Co. to lit V. VI1.
Brotttzt. Iv' tctl ... Q2-04 Cit., 10-35 Zit 1.7-A I"4 Pit
Biroinze. iriautrte~ji' (east' 5it (t, :19i Zit. 1.2 F.1-.7 Si, 0an1035 N11i X' VI.
Ilniit~iz. ttjckel-tlttttimitni Wj Cit. 4 Al, 4 Ni V V1

(cast 1.
Bronttze, Phosphtlor t------ so. iC. 15.4 Sit, 0.0PIV
Bronze. Phntsphor C, 92 ('1, it Itl ---- ,vX. X.
Bironze, PLhittihtir 1) S91.5 C'it. 10i.5 Sit- . I --- - .VVI. Xl1, X V

Blrtonze. Sitpcrs renilt Ii (casi 0 Ctu, 27, Z/.. 11 Al. I VtNI 'It it V
Brttrzc. liihiit in.IA Co. i9.1I Zni .7 i n N ,v1 , X I.
Carlti'itrir2i) - '21l('r. 29Ni, 1.75 Mo. 3. ('lit I i.0 iii, 0.0 C V. V 1.X
C~al iron. misty (eiO ------ 1.2.5 C, 0.07S, 2.0 Xlii 2.2 Si a latnce e V, VI, VII1I, X III, XISV, X A,

Citltrinitti 2 (ca:t.j --- oI. o C, his Ni. 1.40 St i.3 Alit 3.0 Ft . V
('irclt' 31.l(casti------00 1,, lit Vr 0N.22 i,12Si ~X XX, VI, X, X1.

i0.37 Cit.
Ciatis retal 4I (tal-------4.0 C, 11; Cr. fl N i, 4.5 SI .------ V
Cintas mtlucIall icai ...... 4.ii-1.25 C. 1t, Cr, 2 Ni. 9 Mo.------ I\
Coutas metl

1 
12 (tasI) ----- 4.25 C, 16) Cr. 6 'Ni. Ki No, I 1Ti . IV

('oist vticlt Is (casrt) .---- 2__52.5 ('125 Cr, 15 Ni, t \lto. 25s Co, I \.
('ititlti. tttttil----- 99.905 i. ili-0.5 --------- --- ---------- I N X I, x .- I. X

('ntlit't9 -- ___---- ----- 0.15 taiititunt C, 0.50 ma\itnun lii. V V I.
1.25-I.7.5 Mo. it-1i Cr. batlattce Ft.

Critlty 25-20 . 0.15 C', 1.0 Ali, 0.75 Si. 25 Cr, 20 Nt Il - V, V'.1
ante Ft.

('itlro-Nickel '20 Ixrcniet_ - 7.2 Cmi. '2N Ni, .5 Ztt............. ---- '. I
I nitrliy A ------ --- 0.25 C'. 27,-30 C'r. Oki `1 Mn. btalance Fe - V VI
I )irici'htr (eat)t ------- 14.5.1Si,3:.0Al.%j0.0.M C.Ot, Alit. balance Fe X I V: II'v, X. XI.
liurinict ----- ut0 C'. 18.461 Cr, 21.7 Ni, 2.3 Aln, 088N Si, j 1,IX VI1. X, Xl I NXV.

0.2 Cit.
Ihirieti 20 (e ----- 20 Cr. 291 Ni, 1.75 Mo.3.5 Co, .0 Si, 0.07 C I. XIII
Iiirimet' 1'' 190Cr. 22 Ni. I Si. I Cou. lA Mn, 0.07 C ---- XIII.
lDuriront (east)t -' .S5 C, 14.5 Si, 0.02 Mln. balanuce Fe I---- IV, v', v'1, X, NI1.

Easy-Flit.50 Ag, 15.5 Co, 161.5 Zn. ISi CiiX
Elcomtue K (castil ------ 0.12 C, Zl Cr. 22 Ni. 1 Si, 3-4 C'u, 2 Mlo 0. IV LX.

A-In, balance Fe.
Enulurit NC-:l (cast) ----------- 0.2.5 nmaxinmum C, 2.0 nriaximurn "'1, 1.5 v' X'I.

tutaximUtti Alit 24-26 Cr, 19`21 Ni
Evebitrie (cast)---------------0 Cit. .30 Ni,3: Fe, 3 ('r, 2 Si -------- V S Xl .
Everilur 1010 ----------------- 95.8 Cu,3 : ,1,iS 1.1 Alit---------------- I1 IV 5, V.'i, X. Nl, XX',

XXI.
Everditr 1010 welding rod..................................------ - V 1
Evertlur 1015................--- 9 CIL. 1.25 Si, 0.25 Mn...............--.I I X, X.I.
F'errilie east chrotmtium steel 0.08 C, 161.4 Cr. 11.76 Ni ----------------- - XII.

(cast,).
(haltI.....................- 99+ Ani-- ------- I- - --- VI.
Ilaslelloy A (cast aitl d NI, 20 Alito, 2 Alt bialance Fe. ' ----- 11 V , VI, X'L XV.

wrought). I
llastleloy A welding rod ------ ------- -------------------------
Ilastelloy B (cast and X3 mnaxintum Ala. 7 tiaXimunt F-e. ba-lance1 1, IV, Xi. VI, VII, X.

wrought). Ni.
flastelloy Bt weldig-ro------ - ---- ___ IX X V
Ilastelloy C F(east----------- i maxintuml Alo. 18 rinaximltit Cr, 6i maxi-_ IV, V. Vt.

Infant W.X 7 mtaximnum Fe. balance Ni.
Ilaslelloy I) (casO------------ 8.5-90t N.-. "-u, 10 Sii, balance Fe.------IV, V', VI, X.
Illiunt ( (Oast)---------- ----- 56 Ni. 24ý-.. 8 CIL, 4 N-In----------------I1, '. X'i.
Illllui R..................-I- 61 Ni. 21 C,6.5 Nto. 11.5 Fe.4 Cu',i0.76 Mit. IV.

11.51 Iv'.
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Indux of manterials, conapoxilion, and tables-Cont jill ed

tetd- Approximter ehemink molnson of ! t Tabb II ,0 rslo

11nconel .... ------ 11-15 Cr, 71) hriuinuur Ni, 1.0 mtaximumn IV. V. VI. X V.
Mn i. 10 maximsum Fe, 0.3 ruamirum Si.
11.15 mUOxinhUl C.

L~a Bour R4-55 least) :1Cr, 52 Ni, 4 M o, 4 Si, 8) Fe, 6i Cu, 2 W, 1, 1IV.

L~a Bour G -44) least I 23-25 Cr. 612-415 Nj. &--6 Cu. 2-4 b 2-4 W, 1, 1IV.
Lead, celuk~fl0.8 Si, I Fe, U.2 Mo1, 0.065 C.
I~el~l9etial )9+ lb V. v,%I, X, XI, xiii. xv.

Lead, tellurium . 0 i.01 e, 0.06 CII. balanice I't 1. vI 1. X. XI1, XI 1I.
Low-chrone iron 1) (6 Cr u.12 C- I , v.
Low-chrome iron+Ch 5 r, 4 Mon. 0,6 t,. (4.0 C ----- ---- V.
Manganese 1,6-8 stainless steel P,.6i Vr 2131 Ni, 0.134 Nin 11----- . IV.
Mfeditum-chrome iron - 0. 12 C, 11-15 Cr -. -- V

Mild steel---- ----------- '02 C, 0.) Mn, 0.2 Si, balane, IF , Iv, v. vI. ViII. Ix. X,
XIII, XI%, XV, XV'I.

Mil 1. teel welding rod --- ----------------- V, I X, X II I
Moodl------- ------- ------- 0-oNi '14 Cal, 2 Fe, 1.5 Mni. 1.5(---- 1. IV, V. vI. viI, X, XI,

XV , XvI.
Moor) K ------------------ b 4' , MI Cu., 3.5 Al, 1.5 Fe, 0.2 C I--- , V. VI- . X, X 1.
Stonel S(cast) --------- ---- (', VN 1,*29Cu, 2.5Fe, 0.5C - .Vt.
Slonel welding rod No. 1:10X \ I
.Njutitz met,1llrcsst) Ili)Cu. 40 1)/------------------
Niebrotne V----------s Nt. 20 Or--------------------
Nickel------------)4outrrr ---------------- I WA SIinu \Si
Ni-Resist (cast)_---- I - S ----- t 27-.14. .- Cr.N

I.25-52 Si. 1-1.5 Stz.
Ni-Resist, cop~wr free (east) t5-20 Ni 2.5 rakinturn Cr. 1-1.5 NMIn, 0.6-2 V I

S.22C.
Olymipi,,A --------------- tCu, 3 Si.l I U ------------- -S I.
OIlympic1) - ---- ý----------- 5 Cu. 3 Si, 0.5 f',lIzn-------- -- vi
I'hos-Copi*'r wieldinig rod V I
P'ioneer mtetal (ms~t) ---- L: Cr- w Ni-,- 5 NSIo, I a-dan-ce Fe -- I1 Iv, vS v I X
Platittutt---------------10411----------- ------------------
Ilesistac (east)--------ss Cu. 10 Al. 2 Fe------------ -S v SI XI 1
Silcronte 15-2o---------244 C(r. 19-20 N i, 0.25 C v- v - 1V.
Sd-tonwelditg rod I,' Agc 4) Cu, .51' -- \VI.
Silver, Rlne------------- --- '". Ag-------------------V1, XV.
Solder------------- ----- o)xu 41) Ph V, VI.
Sterling silver ---- l5A,75 Cu ------------------- -- Iv, V I, XV.
Supernicikel.- ,0 Cu, 304 Ni----------- - ----------- V VI, X, XI1, X vI.
Talatualu------- -------- Itm ~-fa ------------- --------- ----- v.
Wortttite (east) --------- ----- 21) Cr 24 Ni. 3.0) Mo, 0.07 n13XjIUIII C I, V, VI. X II.
Zoritce------- --------- ------ 15 r, 35 N~i, 0.5 tuaxitrot C, balance Fe V, VI, XI1.
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